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ABSTRACT

Resin composite (Z250, 3M, St Paul, MN) was bonded in bulk with various
degrees of cure into Class 2 preparations in extracted human molar teeth. Two control
groups consisted of a highly-cured incrementally-placed group and a non-fatigued low-
cure group. The restorations were subjected to 1000 thermal-cycles and 500,000 fatigue
cycles from 18 to 85 Newtons using a stainless-steel sphere. ~ Marginal integrity was
evaluated using visual rating (ridit analysis) and microleakage. The degree of
conversion had a significant effect on marginal defects but not on microleakage. Water
had a significant dissolving effect on gingival margin integrity at very low degrees of
conversion. Gingival marginal defects were maximized at 25% of maximum conversion
and 3% of maximum hardness. There wés no overall significant effect of thermal-
mechanical stressing on marginal defects or microleakage. A recommended lower limit
of gingival margin acceptability in a bulk-filled resin composite restoration was created
by 80% of maximum conversion, 73% of maximum hardness and approximately 70% of

maximum flexural strength and modulus in the gingival marginal area.
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ABSTRACT

Resin composite (Z250, 3M, St Paul, MN) was bonded in bulk with various
degrees of cure into Class 2 preparations in extracted human molar teeth. Two control
groups consisted of a highly-cured incrementally-placed group and a non-fatigued low-
cure group. The restorations were subjected to 1000 thermal-cycles and 500,000 fatigue
cycles from 18 to 85 Newtons using a stainless-steel sphere. Marginal integrity was
evaluated using visual rating (ridit analysis) and microleakage. The degree of
conversion had a significant effect on marginal defects but not on microleakage.” Water
had a significant dissolving effect on gingival margin integrity at very low degrees of
conversion. Gingival marginal defects were maximized at 25% of maximum conversion
and 3% of maximum hardness. There was no overall significant effect of thermal-
mechanical stressing on marginal defects or microleakage. A recommended lower limit
of gingival margin acceptability in a bulk-filled resin composite restoration was created
by 80% of maximum conversion, 73% of maximum hardness and approximately 70% of

maximum flexural strength and modulus in the gingival marginal area.




INTRODUCTION

New light activation protocols (PAC lights and lasers) and new composites
(packables) claim the advantage of shorter exposure times and bulk curing.' The
negative consequences of these approaches would be a composite with regions of lower
properties at the base of the restoration. Laboratory research shows that many of the
suggested new protocols do not produce composites with maximum depth of cure or
uniform properties.2 However, manufacturers and some clinicians claim clinical success.
Current light-curing techniques may produce adequate marginal integrity though the
properties of the base of these restorations are significantly less than the properties on the
surface. The question is: “Are these lower properties clinically significant?” One danger
is that repeated stressing of the interface between the base of the restoration and the tooth
may deteriorate the marginal seal and integrity with time as a consequence of the
“undercuring”. In bonded restorations, would enough occlusal forces be transferred to
the cavity walls allowing for an increase in marginal integrity that did not deteriorate

under fatiguing?

Hypothesis.-- There is some minimal extent of cure required by the base of the
resin composite restoration that allows it to support the rest of the filling and maintain its
marginal seal under thermal and mechanical stress conditions.

Utilizing various photo-curing energy densities, a pilot study was used to
determine the Knoop hardness and degree of conversion at incremental levels occlusal-
gingivally throughout the depth of the resin composite in a 5 millimeter long sample

created from an extracted tooth template.



Based on the pilot study, select energy densities were used to achieve variable
degrees of gingival cure for resin composite restorations in prepared teeth. These
restorations were subjected to thermal-mechanical stress to evaluate the effect on the
gingival margins using scanning electron microscopy, Sstereomicroscopy and
microleakage.

Additionally, bar-shaped specimens (2x2x25 mm) were tested in three-point
bending to measure flexure strength and modulus. This data was correlated with the
marginal breakdown data. The hypothesis tested was that marginal leakage and
breakdown, as evaluated by silver nitrate and scanning electron microscopy and
stereomicroscopy would increase for composites with low degree of conversion and low

elastic modulus at the gingival margins.




REVIEW OF THE LITERATURE

Resin Composites.--

Introduction.-- The introduction of resin composites was one of the greatest
milestones in esthetic restorative dentistry. Introduced in the early 1960°s by R. L.
Bowen with the development of the Bis-GMA molecule, it satisfied an initial need for an
aesthetic anterior restorative material — eventually replacing silicate cement and acrylic
resins.’ Bowen began his experiments to reinforce epoxy resins with filler particles.
However, epoxy resins were abandoned due to slow curing and discoloration. The
monomer, Bis-GMA, prepared from bisphenol A and glycidyl methacrylate was bulky,
but superior to the methyl methacrylate. It provided rapid hardening, less shrinkage and
stronger and more rigid resins.*

With anterior resin composite restorations providing satisfactory performance,
most research is now focused at developing a resin composite capable of replacing
amalgam.  Improvements in formulations, optimization of properties and the
development of new placement techniques have made esthetic direct posterior
restorations more commonplace and dependable. A concern with resin composite is
polymerization shrinkage. A major step in solving this problem would be the
development of a polymer that experiences only enough contraction on curing to offset

any expansion from water absorption.

Composition.-- A composite is a material that consists of two or more
components of metals, ceramics or polymers. Dental resin composites typically contain a

mixture of a soft, organic resin matrix (polymer) and hard, inorganic filler particles



(ceramic). Other components are included to improve the efficacy of the combination
and initiate polymerization. The resin matrix consists of monomers, an initiator system,
stabilizers and pigments. The inorganic filler consists of particles such as glass, quartz
and colloidal silica. The matrix and filler are bonded together with a coupling agent. The
performance of resin composites is obviously dependent on these basic components.*
The current improvement of these materials has primarily focused on filler technology,
but the resin monomers have remained largely unmodified. The majority of resin
composites are still based on variations of Bis-phenol A glycidyl methacrylate (Bis-
GMA)*

The most' common monomers used are Bis-GMA, urethane dimethacrylate
(UEDMA), and triethylene glycol dimethacrylate (TEGDMA). Bis-GMA is extremely
viscous at room temperature due to hydrogen bonding by hydroxyl groups (-OH).
Lower viscosity is obtained by mixing Bis-GMA with dimethacrylate monomers
(TEGDMA) of lower molecular weight to facilitate the addition of fillers. Addition of the
diluents allows greater degree of conversion and more extensive cross-linking to occur -
between chains — providing a matrix that is more resistant to solvents.*® However, this
increased conversion and crosslinking increases the polymerization shrinkage.” Resin
composites undergo volumetric shrinkage of 1.9 to 7.1 percent.>” The shrinkage in the
resin matrix results from the conversion of weak intermolecular attractions to primary
covalent bonds.'® Polymerization shrinkage and the resultant stress can contribute to gap
formation at the margins of restorations. The current goal of resin composite restorative
materials remains to be the improvement or elimination of contraction stress — possibly

through low or non-shrinking monomers. Recent research has focused on ring opening




spiro-orthocarbonates, epoxy-based resin systems and a new class of difunctional
monomers called oxybismethacrylates which exhibit cyclopolymerization.’
Polymerization shrinkage can also be reduced by increasing the concentration of
filler particles because the overall shrinkage depends on the amount of polymer matrix
present.* However, the modulus of elasticity of the resin composite is also increased at
high filler levels contributing to higher polymerization stress."! Inclusion of filler
particles into a resin matrix drastically improves the mechanical properties of the
composite material. Improvement is seen in properties such as tensile and compressive
strength, modulus of elasticity, abrasion resistance, radiopacity, esthetics and handling.*
As a general rule, the higher the filler loading, the higher the physical properties of the
resin composite. Most current resin composites have filler loaded between 50 and 86

percent by weight and 35 to 71 percent by volume.'?

Percentage filler is best expressed
by volume instead of weight because the mechanical properties of composites are mainly
dictated by their filler volume fraction."

The type of filler directly influences radiopacity and is typically accomplished
through the inclusion of elements of high atomic number. Barium and strontium are the
most common elements used in filler particles to increase radiopacity.'*

Various classification systems for resin composites have developed through the
years based on particle size* A very traditional system includes traditional, small
particle, microfilled and hybrid filler particles."

Originally, crystalline quartz was used as a filler for resin composites because of

its availability, excellent optical properties, and chemical inertness.*'®  However, it

proved to be extremely hard, a challenge to grind and difficult to polish with the potential



to abrade opposing tooth structure.’ The softer polymer would wear away easily,
exposing the hard quartz particle, only to be plucked and perpetually roughen the
surface.'® These traditional quartz particles were produced by grinding or milling and
typically were quite large — average 8 to 12 microns in size.*

Microfills were developed to provide better esthetics and polishability.’®  These
tiny particles of silica are only 0.04 microns in diameter and are literally “born in fire”
through a pyrolytic process.* The large surface area of these filler particles demands
much more resin matrix to wet the surface. This creates extremely high viscosity that
limits the percentage filler content possible. In order to maximize filler loading and
minimize viscosity, prepolymerized resin and microﬁller is used. The heavily filled
polymerized resin is ground into 30-65 micron particles and mixed with more resin and
microfiller to provide a composite that is filled 30 to 50% by volume. A smoother surface
can be produced due to the smaller size of the silica particles.* However, mechanical
properties such as strength and stiffness are generally inferior to larger quartz or glass
filled composites because of the lower filler content. 16

Small particle composites were developed to combine the esthetics of microfills
with the mechanical properties of traditional composites. The average filler size ranged
from 1 to 5 microns.*

The most common filler today is barium glass with average particle size of 0.6 to
1 micron.* A small amount of microfiller is added to improve handling and reduce
stickiness.'® To incorporate a maximum amount of filler into a resin matrix, a distribution
of particle sizes is necessary. These so-called hybrids are potentially superior because

increased filler loading improves the stress transfer between particles in the composite.*




The current trend is to maximize filler loading and minimize filler size.'®  The table
below compares and contrasts various mechanical properties of these various resin

composite types:*

Combosite Resin Mechanical Provoerties

Property Traditional Microfilled Small Particle Hybnd
Compressive strength (MPa) 250-300 250-300 350-400 300-350
Tensile strength (MPa) 50-65 30-50 75-90 70-90
Elastic Modulus (GPa) 8-15 3-6 15-20 7-12
CTE 25-35 50-60 19-26 30-40
Knoop Hardness 55 5-30 50-60 50-60

Other classification systems have been developed over the years due to the
difficulty in categorizing the newer complicated formulations of resin composites based
on a wide range of filler sizes, loading and compositions. Willems proposed a system
based on volume fraction in 1992."7 More recently, a newer re-classification based on
particle size was introduced. The various groups included megafill — 0.5 to 2 millimeters;
macrofill — 10 to 100 microns; midifill — 1 to 10 microns; minifill - 0.1 to 1 microns;
microfill — 0.01 to 0.1 microns and nanofill — 0.005 to 0.01 microns. Most new systems
are minifill hybrids with a new trend toward nanofillers.'?

It is important that the filler particle be bonded to the resin matrix via a coupling
agent to improve mechanical and physical properties. The most commonly used coupling
agent is an organosilane such as gamma-methacryloxypropyltrimethoxy silane. The

silane reduces hydrolytic breakdown and allows stress transfer between the filler and the

matrix. The silane agent is a bifunctional molecule with a methacrylate group on one end



and a silanol group on the other. The methacrylate end undergoes addition
polymerization with the composite resin and the silanol end bonds to the hydfoxyl groups
on the filler particle via a condensation reaction.”

Resin composites undergo addition polymerization by chemical, heat or light
energy activation. In chemical activation, a tertiary amine activator reacts with a benzoyl
peroxide initiator supplied as two separate pastes to produce free radicals. The radicals
attack the carbon double bonds of the polymer to propagate the reaction.'”®  In heat
activation, higher temperatures activate the initiator. The most popular method of curing
resin composites is with light activation.'®  Originally, ultraviolet light was used to
initiate free radicals. Today, visible light provides greater depth of cure and safety.'*?
Light activation is achieved with blue light that is absorbed by the photoinitiator,

camphoroquinone in the 400 to 500 nanometer range. The excited initiator reacts with an

amine activator to form free radicals and initiate the addition polymerization.4

‘Compared to chemical curing of direct restorative resin composites, visible light activated

systems provide longer working time, reduced porosity, greater color stability and
reduced waste of material. A possible disadvantage with visible light materials is limited
depth of penetration by the curing light.'®

An inhibitor is added to resin systems to rapidly scavenge propagating radicals

and prevent spontaneous polymer chain formation from heat or light. The inhibitor

‘delays the start of the reaction, but once begun, the reaction proceeds at a normal rate. A

typical inhibitor is butylated hydroxytoluene.*
Different metal oxides are added to resin composites in tiny amounts to provide

shading and opacity to match natural tooth color.'®
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Polymerization Chemistry - Many types of dental resin composites utilize free
radical polymerization with monomers containing double carbon bonds reacting to
produce longer polymer chains of single carbon bonds. The reaction takes place in three
stages: initiation, propagation and termination.

Initiation involves the production of highly reactive free radicals with either the
use of heat, chemicals or light.

Heat activation is typically used in denture resins to initiate the heat sensitive
benzoyl peroxide molecules. These benzoyl peroxide molecules split quite easily into
two free radicals at temperatures between 50 and 100 degrees Centigrade, which initiate
the polymerization of methyl methacrylate monomer.*

Chemical activation typically involves the mixing of two reactants that initiate the
polymerization of self-cure dental resins. Benzoyl peroxide is again the usual initiator,
but instead of heat energy, a tertiary amine activator catalyzes the split of the benzoyl
peroxide molecule.*

Light activation is the most common method of initiating the polymerization
process in resin composites for use in restorative dentistry. [Initially, ultraviolet light
activated resin composites were introduced as a welcomed replacement to the chemically
cured resins.  Utilizing a benzoin methyl ether photoinitiator, they offered command
setting, no mixing and unlimited working time. The potential for retinal and skin damage
ushered in the incorporation of visible light initiators by the early 1980s.%°

In visible light activated polymerization, camphoroquinone is most commonly

used to induce photoinitiation.18 Camphoroquinone (CQ) requires a tertiary amine co-
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initiator to photocure composite in a reasonable amount of time.?!  CQ absorbs energy
in the visible region of 400 to 500 nanometers with a peak at 468 nanometers. Photons
associated with this frequency range will be absorbed by camphoroquinone, raising it
from the ground state to an excited, but short-lived, activated triplet state. However, if
the energy is removed or diminished, the complex may de-energize and return to the
ground state. If the excited triplet manages to bump into an amine co-initiator, an
exciplex forms, with the subsequent transfer of an electron and then a proton to CQ to
create an aminoalkyl free radical capable of initiating polymerization.”’:"3

Propagation is a chain reaction that results in the incorporation of hundreds of
monomer units into the polymeric network. The rigidity of Bis-GMA molecules reduces
its ability to rotate during polymerization and to participate efficiently in the
polymerization process. The complete conversion of the methacrylate double bonds is
eventually hindered by the reduction of diffusion rate of free radicals and unreacted
methacrylate molecules as the polymer' undergoes vitrification.* Therefore, only 50 to
75% of the methacrylate groups convert into polymer.** The process continues with
considerable velocity until terminatéd either by direct coupling or by the exchange of a
hydrogen atom from one growing chain to another. The extent of the reaction is

important in developing physical and mechanical properties of the composite. 16

Light-Curing.--
Light generation.-- Light is a form of electromagnetic radiation. Other forms of
electromagnetic radiation include radio waves, microwaves, infrared radiation, ultraviolet

rays, X-rays, and gamma rays. All of these, known collectively as the electromagnetic
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spectrum, are fundamentally similar in that they move at 186,000 miles per second - the
speed of light. The only difference between them is their wavelength, which is directly
related to the amount of energy the waves carry.  Shorter wavelengths have higher
energy. The rainbow of colors that we see in visible light represents only a very small
portion of the electromagnetic spectrum. On one end of the spectrum are radio waves
with wavelengths billions of times longer than those of visible light. On the other end of
the spectrum are gamma rays. These have wavelengths millions of times smaller than
those of visible light. Visible light is the portion of the electromagnetic spectrum with
wavelengths between 400 to 700 nanometers.”’

Quartz-tungsten-halogen lamps are integrated into most dental curing lights in use
today. The principle output from these lamps is infrared energy with the generation of
high heat. An infrared filter is used to reduce the heat energy to the oral structures.”®
Next, a band-pass filter provides further restriction of visible light to the narrower
spectrum of the photoinitiator. Finally, the dichroic filter, a silver coated surface passes
infrared energy out the back and reflects and focuses the light forward to provide a focal
area of energy at defined distance. Ultimately, 99.5% of the original radiation is
eliminated.”’ Due to the high operating temperatures, the halogen bulbs have a limited
efficient lifetime.?® The reflector, bulb and filters can break down over time, reducing
the curing effectiveness.”’

Less noticeable on the surface to the operator, a decreased light intensity could
dramatically affect the cure in deeper areas of the restoration. Therefore, curing lights
should be periodically tested with a dental radiometer.””  However, recent research

suggests that the accuracy of the commercial radiometers vary widely depending on the
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diameter of the curing tip. Commercial radiometers have fixed apertures, while an
industrial radiometer measures all light intensity from the curing tip, regardless of the
diameter.”® A study in dental offices revealed that 46% of the halogen lights provided
inadequate intensity to sufficiently cure resin composites.29

Increased levels of light can be developed within the composite depths if the
intensity of the curing source is increased. ~ With curing procedures considered highly
time consuming, the demand for expensive high energy plasma-arc and laser light
sources has increased.*® However, polymerization stress and contraction gaps increase as
the mechanical properties are maximized and perhaps, as the rate of polymerization is
increased.*!

Plasma-arc (PAC) lights generate a high voltage pulse that creates hot plasma
between two electrodes in a Xenon filled bulb.3? The irradiance of up to 2400 mW/cm?” is
much higher than typical halogen bulbs, but the PAC light generates very high heat with
an inefficient emission spectrum similar to halogen bulbs. >

Light emitted from an argon laser is very different from that emitted from the
halogen or PAC lights. The photons produced are coherent and do not diverge, therefore
they concentrate more photons of specific frequency into a tiny area. The laser has a
power of only 250 mW, but the energy is restricted to only a few wavelengths. With very
little infrared output, unwanted heat is minimized. If the 250 mW is transmitted through
a 50 micron fiber it results in an irradiance of more than 12 million mW/cm® Howe\-/er,
the tiny spot size of only 50 micrometers makes clinical application more tedious. Some

systems utilize diffusers that increase the spot size, however, the irradiance will be
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reduced. Other clinicians will use the tiny fiber itself, placing it directly on the tooth until
it actually appears to glow.”

Light emitting diodes (LED) wuse special semiconductors for the
electroluminescence of light rather than a hot filament found in halogen lights providing
a longer life span, consistent output and lower power consumption.” No significant
ultraviolet or infrared light is emitted thereby reducing heat and minimizing the need for
a noisy fan. Since the energy is clearly defined by the semiconductor, most of the light
emitted is concentrated in a narrow band around 470 nanometers which is ideally suited
for composite resins that use the photoinitiator camphoroquinone.34 Initial claims of
greater efficiency in curing resin composites have yet to be unequivocally established in

. 3-35
vitro.?

More laboratory and clinical data is needed to establish the significance of any
increased efficiency and determine the overall efficacy of this potentially promising

technique in light curing.*

Light-Restorative Interaction.—

Light transmission.-- Light is reflected, scattered and absorbed as it passes into

the polymerizing resin composite.>’  There are many factors that may alter the
transmission of light, such as filler type and size, composite shade, and refractive index.
Light scattering may be related to filler particle size in resin composite.
Kawaguchi et.al. showed that microfilled composites had a lower transmission coefficient
and depth of cure than hybrid and small particle composites.*® One theory suggests that
light scattering is maximized when the filler particle size is one-half the wavelength of

the activation light.*® One-half of the peak wavelength of the 450 to 500 nanometers
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typically emitted from halogen curing lights would be 250 nanometers or 0.250 microns.
However, microfill composites are, on average, only 0.04 microns in diameter. But at
least one study found that microfills tend to clump in sizes that may closely approximate
these critical sizes and increase light scattering and reduce depth of cure relative to hybrid
composites.“ Another study found resin composites with larger filler particles were
capable of showing good transmission coefficient and cure depth.¥!

The content of pigment, or shade, appears to influence light scattering in resin
composites. McCabe et. al. showed a strong correlation between depth of cure and light
attenuation for various shades of microfilled composite.” However, Ferracane et. al.
suggested that the depth of cure may be less dependent upon shade than upon other
factors, such as translucency.

Transmission of light is facilitated through composite when the refractive index is
closely matched between the filler particles and the resin matrix. Refractive index is the
ratio of the velocity of propagation of an electromagnetic wave (light) in vacuum to its
velocity in the medium (composite). -However, this coordination produces a translucent
composite. Therefore, a compromise is needed to provide some obvious esthetic
qualities. Some mismatch in refractive index between the filler particle and the resin

matrix is needed to provide some opacity. 3

Light absorption.-- There are many factors that may be altered with light
absorption, such as depth of cure, degree of conversion, and biocompatibility.
Numerous studies have suggested that depth of cure is affected by light intensity,

spectral distribution and exposure time.** The more intense the light intensity, the
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more photons available. With more photons, more camphoroquinone molecules are
raised to the excited state, react with the amine and form free radicals. At the top surface,
polymerization proceeds quickly and more completely. However, deeper in the
composite, attenuation of light leads to a potential gradation of cure within the depths of
the material and is responsible for what has become known as “depth of cure”.*® To
compensate for this decreased potential, the duration of exposure can be increased,
providing enhanced opportunity for the creation of a free radical. A study by
Rueggeberg and others found that at depths greater than 2 millimeters, poorer cure may
result and polymerization is very susceptible to changes in light intensity and exposure
duration. Routine exposure times of 60 seconds are recommended using light-source
intensities of at least 400 mW/cm?.*

The maximum degree of conversion of monomer into polymer of resin
composites is between 50 and 80%.*” However, only a small amount of unreacted
monomer actually remains. Most of the remaining unreacted double carbon bonds are
bonded to the polymer chain. Therefore, less than 10% of the available methacrylate is
extractable, thereby significantly reducing biological effects.** Most of the unreacted
monomers are believed to be TEGDMA molecules.”” However, with decreased degree of
conversion, there is greater residual monomer available to be leached.*®** And as the
percentage of monomer conversion decreases, the potential for cellular toxicity
increases.’’  Several in vivo studies have shown that complete or incompletely
polymerized resin composites cause little pulpal irritation if the restorations are

sealed >
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In addition to biocompatibility issues, less degree of conversion may reduce the
mechanical properties of resin composites. There appears to be a good correlation
between increasing degree of conversion and increasing hardness,> fracture toughness >°

. i 56
and abrasive wear resistance.

Restorative Response.-- The prognosis of the restoration may depend on how the

resin composite is placed and how it is light activated.
One disadvantage of resin composite is the polymerization shrinkage that arises

57,58

during curing and the potential for subsequent marginal gap formation. Marginal

361 and post-operative sensitivity®® -

gap formation may facilitate secondary caries

especially in posterior resin composite restorations with greater technique sensitivity.®
Various studies have advocated incremental instead of bulk placement and curing

for resin composite to decrease the effects of polymerization shrinkage and to provide

complete polymerization in deeper cavities.>****

Incremental placement may also
reduce the configuration factor — the ratio of bonded to unbonded surfaces — and reduce
the stress by making more resin available for flow.%® The superiority of the incremental
technique has not been totally proven. Tjan and others found that when resin composite
was cured in bulk from the occlusal, there was no difference in marginal gap formation at
the dentin margin compared to incremental placement.®’ Andther study found no
significant difference between bulk and incremental cure and its effect on fluid
permeability in dentin under class 1 resin composite restorations.®®

Another approach to stress reduction is the application of various liners. Glass

ionomer liners may provide some advantages when used with resin composite
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restorations.  The setting reaction is much slower and less polymerization stress may
result.” Less bulk of resin composite is necessary to fill the lined restoration, thereby
reducing the amount available for shrinkage. Resin-modified glass-ionomer restorative
materials have been placed in areas of the preparation with dentinal margins in an “open-
sandwich” technique to reduce marginal leakage.”” However, the use of glass ionomer
liners has decreased with the improvement in efficacy and ease of use of resin adhesive
bonding agents.**

The use of a relatively thick layer of resin adhesive to serve as a flexible
intermediary between the stiff dentinal cavity wall and the shrinking restorative resin
composite has been proposed. This “elastic bonding theory” proposes that the stretching
of a 100 micron thick layer may provide enough elasticity to reduce the polymerization
contraction stresses of the restorative resin composite to below dentin bond
strengths.”’“’"'n

Soft-start polymerization is a method recently advocated to reduce polymerization
stresses. During early polymerization, the composite cross-linking network is relatively
weak - allowing flow fairly easily to accommodate stresses and prevent damage to
adhesive bonds. With further polymerization, contraction and flow decrease, while
stiffness and stress increase. This can cause adhesive failure. The bond strength must
exceed the contraction stress to provide a stable marginal adaptation. The resin-enamel
bond interface may survive the shrinkage, but the weaker resin-dentin interface may

not.”

Soft-start polymerization proposes that a slower rate of conversion will allow
better flow of resin with a decrease in contraction stress. However, the final mechanical

properties must be obtained in a reasonable amount of chair time. Three different types
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of techniques are currently advocated. “Stepped” uses a short, low-level initial burst
followed by full intensity. “Ramped” uses a gradual increase from an initial low level.
And “pulsed” uses a short low level burst, a delay for polishing followed by full intensity.
Although the majority of studies suggest that sofi-start polymerization may be
statistically beneficial in vitro,”*®! further research is necessary to see if any clinically

significant differences can be found.

Assessment of Polymerization.-- The assessment of the effectiveness of

polymerization may be done directly or indirectly. Indirect methods include surface

hardness,** optical,** and scraping.®*

Direct methods include laser Raman spectroscopy®
and infrared spectroscopy.®® DeWald and Ferracane compared four modes of evaluating
depth of cure of light-activated composites and found that the optical and scraping
methods correlated well, but both over-estimated depth of cure when compared to
hardness and degree of conversion values. Degree of conversion was the most sensitive
testing mode for evaluating depth of cure.®” A good correlation can be found between
hardness and relative degree of conversion for a speciﬁc composite at different time
periods or under variable conditions.”> Hardness testing appears to be a popular method
of assessing effectiveness of polymerization because of its simplicity and reasonable
correlation with other methods. ¥

Johnston et. al. suggested that the depth of cure may be defined as the level at
which the hardness value is equivalent to at least 90% of the hardness at the top of the

composite.®® Others have suggested that this top-to-bottom gradient should not exceed

20% *° and should be considered a realistic measure of depth of cure.”® Research is
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needed to determine the minimal extent of cure required by the base of the resin
composite restoration that allows it to support the rest of the filling and maintain its
marginal seal under thermal and mechanical stress conditions. The marginal integrity of
resin composites has been routinely examined in vitro with marginal gap and

microleakage evaluations.

Assessment of Marginal Integrity.-- Ideally, evaluation of restorative margins

should be repeatable, sensitive enough to discriminate between variables, recognize
marginal discrepancies easily, and require little evaluator training. One of the first
measures for quality assessment of restorations was the Ryge criteria.”’ Popular as a
clinical assessment, the procedure cannot detect small differences between various
materials or variables.”? Scanning electron microscopy (SEM) provides a high
maghnification inspection of the marginal integrity of the restoration ” Disadvant'ages
include its potential of distortion through desiccation, lack of penetration, the destructive
nature of the process and difficulty in quantifying the results.”® However, epoxy replicas
may be used to avoid artifacts and provide observations over time.””> Researchers have
used the SEM to measure marginal gap formation.”®”” Common in vitro methods to
characterize marginal quality include gap or defect size, ridit analysis, ranking and
microleakage.

Interfacial gaps may provide a route for bacteria to the pulp, whereas
discrepancies such as marginal ditching or material defects create a site for plaque
accumulation and potential secondary caries.” Determining gap size involves

measurement of the largest gap,”® average gap,”® or percent gapped.'”  Using the
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- measuring capabilities of the SEM, Roulet assigned the largest gap measurement to one
of five classes on the basis of gap size: 0, 0<30 microns; >30<50 microns; >50<100
microns and >100 microns<150 microns.”® Lutz and Krejci determined the percentage of
continuous margins by digitizing the restorations using a three dimensional scanner and
superimposing before and after images using a custom-made software program.'®”

The ridit analysis'®' in marginal restoration evaluation uses a numbered scale of
restoration images that exhibit progressively increasing degrees of marginal defects. The
procedure involves assigning to the restoration being evaluated, the number of the scale
image to which it is most similar with respect to the extent of marginal defect. A ranking
system described by Osborne and others consists of assigning the entire margin of each
restoration in a rank of descending order from the one showing the best margin to the one
showing the worst.'*

‘Images may be created by enlargement of scanned computer images,'®

3

photographic film,'® or SEM photographs of the entire margin.'®®  Using enlarged

images or photographs may be labor intensive, time consuming and produce pictures of

inconsistent quality.”®> Although useful for gross marginal defects,'®

it may not be
possible, in some cases, to see or estimate the width of micron-sized marginal gaps to any
degree of accuracy.””

Microleakage is defined as the clinically undetectable passage of fluids, bacteria,
molecules or ions between the walls of the preparation and the restorative material.”®

Microleakage is detected indirectly with the use of dyes, chemical tracers, radioactive

isotopes, air pressure, bacteria, and artificial caries.”
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One of the most common methods of detecting leakage is the use of organic dyes
or chemical tracers. There has been a wide variation in the choice, size, concentration
and duration of dyes or chemical tracers.” A chemical tracer, silver nitrate, is
considered a severe test because of the very tiny size of the silver ion — much smaller
than common bacteria. The sample is typically immersed in a fifty percent solution of
silver nitrate and later developed with a photographic solution.'®

Another technique for evaluating microleakage is the use of radioisotopes. The
most popular method is immersion in Ca®. The sample is rinsed, sectioned and applied
to photographic film.'*°

The use of bacteria to study microleakage may be the most clinically relevant.
However, the relatively larger size of bacteria, 0.5 —1 micrometers, may not account for
other detrimental products such as toxins. A somewhat qualitative test exists where the
sectioned or shaved samples are cultured in broth to note the presence or absence of
bacteria.”

A more quantifiable method for leakage is the use of air pressure. The release of
air bubbles 1s examined from a submerged sample, which does not need to be sectioned
or destroyed. This gives an added advantage of leakage evaluation over time.'”’

Bacterial cultures or an acidified-gel are used to produce artificial carious lesions.
The acidified-gel technique has the advantége of expediency over bacterial induced
lesions. Lesions produced are examined with polarized light and an outer and cavity wall
lesion is described.'®®
Many of these techniques - dyes, bacteria, chemical and radioactive tracers -

necessitate the destruction of the sample, making it difficult to study the margins over
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time."® Most studies section the tooth and restoration with a single cut through the
center, allowing visualization of interfaces and dentinal tubules. Three dimensional
techniques are more representative of penetration, but are tedious and extremely time
consuming. The use of multiple sections is perhaps more practical. '

Most researchers use a subjective ordinal ranking system to score the leakage.
The ordinal scale has the advantage of relating relevant landmarks such as dentin-enamel
junction and axial walls. However, non-parametric statistics must be used. "' Others
have recently tried more objective techniques by measuring the microleakage

directly' "

or expressing the amount of leakage as a percentage of the total cavity-
restoration interface length'™* and through the use of imaging software.'">''® Although
more time consuming, continuous measurements allow greater precision and the use of
more robust parametric statistics.

Many studies examining marginal integrity include thermocycling and load
cycling in the design of the experiment.'"”"""® Thermocycling is simply a way of applying
stress to the restorative interface at the limits of temperature found intra-orally.'*®  One
researcher found a direct correlation between the degree of mismatch in the coefficient of
thermal expansion between various restorative materials and tooth structure and the
extent of microleakage.'** Thermal-cycling was found to be detrimental to bond

strengths of two older generation dentin adhesive agents'?>'?

and the microleakage of
bonded amalgam restorations.'>* However, several studies suggest that thermocycling
resin composite restorations may not significantly affect microleakage.'**'?*  Although

resin composites have high coefficients of thermal expansion relative to tooth structure,

they are relatively good insulators. Harper and others theorized with their clinical
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measurement of thermal diffusion through restorations of various materials that the
relatively low rate of thermal change beneath resin composite restorations might reduce
the significant effect of thermal expansion.'?® The significance of thermocycling resin
composite restorations remains questionable and perhaps the procedure is unnecessary.
There appears to be little consensus on temperatures, dwell time and number of
cycles among research studies involving microleakage.  Investigators have used
temperature ranges from 15 to 45°C, 4 to 60°C and 5 to 55°C. Dwell times have varied
from 10, 15, 30, 60 and 120 seconds.””> Shorter dwell times are more clinically relevant,
however, longer dwell times may stress the interface greater and accelerate the evaluation
process. One study concluded that the depth of microleakage was correlated with the

thermal conductivity of the restorative material.'?*

Composite restorations, with low
thermal conductivity compared to amalgam appeared to be unaffected by differences in
dwell time.'?* Also, microleakage tests on composite restorations should be delayed 24
hours to permit the potential for water absorption.''”  The number of thermocycles
recommended has ranged from 1 to 2500.”° However, the stresses from thermocycling
may act quickly to produce microleakage thereby reducing the need for extended
cycles.127

Water is absorbed as resin composite restorations are placed intraorally and may
lead to hydrolytic breakdown of the silane coupling and filler particles, reducing the
strength of the material.'** Water decreases the elastic modulus, fracture strength, and
flexure fatigue limits."” Water has a plasticizing effect on the matrix. Debonded fillers

may act as stress concentrators, significantly increasing the number of potential crack

growth sites.”>® The breakdown can contribute to lower wear and abrasion resistance.
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However, the expansion of resin composite associated with the water uptake could
counteract some setting contraction. Studies show that microfilled composites absorb
more water than hybrid composites. *' Most resin composites require 4 days to show the
majority of expansion and 7 days to reach equilibrium.'®

Researchers have proposed that mechanical loading of teeth may temporarily or

permanently cause gap formation in restorations'”® and the combination of thermal and

2

mechanical loading may simulate intra-oral conditions more accurately.*>  However,

studies have shown conflicting results on load cycling, reinforcing the need for careful

evaluation and interpretation due to differences in experimental designs, 00116133142

Several researchers found no effect on microleakage from load cycling of resin composite

125,133-138

restorations. However, a few authors did find an effect from load

116,134,140

cycling and a couple of investigators found an effect from a simultaneous
combination of thermocycling and loading.'°*"*® The type of restoration, either Class 2
or Class 5, did not appear to have any effect on the conclusions reached in these
studies.'®11¢133142 Many studies used a combination of cyclic loading while the tooth

soaked in dye solution to potentially help detect transient gaps formed during the

loading.!'®!3*1**14! Again, this combination did not appear to have any effect with some

116,140 133,136

studies showing increased microleakage and some no increase.

Different materials, bonding systems and types and location of load were used.
Most studies used axial compressive loading to stress the restorations by using a stainless
steel ball or rod that rests on the buccal and lingual inclines of the occlusal

116,133,136,137

surface. Very few studies stress the actual restorative material itself.'*>'*

Two studies used oblique forces.”**'** Jang and others loaded the buccal aspect of the
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buccal cusp on teeth with class S restorations and found an effect of load cycling.'*
While Hakimeh and others alternated the loading of the buccal and lingual inclines of the
occlusal surface and found no effect on class 5 compomer restorations.'*

All studies used varying load levels and various cycles and cycling rates, /9116133

2 Some investigators oscillated cycles between a low of just a few Newtons to a
maximum of 170 Newtons,'°*!1¢13- 135137190 Gyhers reported just a maximum load.**'*

133 10 a high of 1.2 million.'?’

Number of cycles varied widely from a low of 1000 cycles
Cycling rate varied from a low of 1 Hertz''¢"**'* to a high of 5 Hertz."’

Admittedly, however, there appears to be a wide variance in the literature as to
the magnitude of actual clinical masticatory forces with an estimated range of 9 to 180
Newtons."**'** The duration of the occlusal forces is estimated to be from 0.25 to 0.33
seconds or 3 to 4 Hertz.'* Dietschi et al, loaded his inlay samples with a stainless steel
cusp at 80 Newtons and 1.5 Hertz for 250,000 cycles and related this to approximately
one year of clinical use.**"*®

Behavior of resin composites in vivo is complex and is not clearly defined and is
often described in terms of wear, marginal breakdown or fatigue. Fatigue is a major
factor affecting the life expectancy of resin composite restorations.'* and is due to
progressive fracture under repeated loading.'®  Several mechanisms may participate in
fatigue-induced damage of composite materials including matrix cracking,
multidirectional cracking, and filler debonding.'® Fatigue in resin composites largely
depends on the materials properties, especially filler loading.

Higher filled hybrid resin composites deform little under function. Filler particles

act to arrest or retard crack propagation through the matrix resulting in more localized
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destruction. Under function, however, cracks can propagate, weaken the matrix and
favor further crack growth resulting in a worn surface at the occlusal contact area. 149
Microfilled composites with a relatively lower filler content, lower modulus of
elasticity and a weaker interface between resin matrix and prepolymerized filler particles
have greater fatigue sensitivity and are more prone to mechanical deformation. Initially,
while under function, cracks propagate in the subsurface area. Over the first two years,
while under continued stress, the matrix is weakened as the cracks begin to connect.
Eventually, after four or five years, the subsurface cracks interconnect and the restoration
fails catastrophically and often, surprisingly.'*
There appears to be a need for more standardized testing procedures of fatigue to

gain insight into the complex behavior of resin composite restorations.'*

Currently,
specimens may be cyclically tested in tension-tension, flexure, torsion, shear, or
compression."* Contact fatigue is used to study the wear process by cyclic loading of an

indenter into the surface of the material. A study by Htang''

and others found the
existence of an optimal or critical filler level in resin composites in fatigue endurance.
Resin composites with low (<60% wgt) or high filler content (>80% wgt) were
significantly lower in fatigue resistance. A higher susceptibility to crack development in
very highly filled composites under impact stresses is probably due to the brittle nature of
filler particles with fractures occurring through the filler particles as well as the matrix."*!
The dynamic fatigue test is useful for determining crack velocity parameters.”*® Finally,
with a stair-case technique, the material is cycled at a preset stress level and cycles. If the

specimen fails, a lower stress is chosen, if the specimen survives, a higher stress level is

used on the next specimen.'>
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OVERVIEW

The following is an overview of this project. The study is presented in three
separate parts — effects of energy density on hardness and degree of conversion, effects of
degree of conversion on marginal integrity and effects of degree of conversion on
flexural strength and modulus.

The first part details the materials and methods, results and discussion of an initial
pilot study to determine the Knoop hardness and degree of conversion at incremental
levels occlusal-gingivally throughout the depth of the resin composite in a 5 millimeter
long sample created from an extracted tooth template. As can be seen in the discussion
of this pilot study, there were many changes in the methods that spanned the whole
project. But, the final procedure that was utilized provided the necessary information to
select the various energy densities needed to achieve variable degrees of gingival cure for
7250 resin composite restorations in prepared teeth for the final method in part two of the
study.

The second part details the materials and methods, results and discussion of the
primary objective — to determine the minimal extent of cure required by the base of the
resin composite restoration that allows it to support the rest of the filling and maintain its
marginal seal under thermal and mechanical stress conditions. This section was broken
up into three pilots and a final method. Again, various techniques were modified before a
final version was agreed upon. Please note that the energy density groups selected

changed with knowledge gained concurrently in part one of the study.
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The third part details the materials and methods, results and discussion of a
supplementary goal of determining mechanical properties of the composite at the

marginal area at various degrees of conversion. See overview chart on next page.




Overview

Part One
Pilot

Anatomic Template n=3
Specimen embedded, sectioned, gridded
Data collected mid increment
Tested down to 6000 mJd/cm?2

I

Lower groups tested n=3
2000 and 4000 mJ/cm?2

Part Two
First Pilot
4000, 12000 & 48000 mJ/cm2
groups selected

l

Anatomic tooth n =1
1000 thermocycles
50 K fatigue cycles
SEM measumments and microleakage

Tooth Template Flattened n=3
DC not embedded or sectioned
KHN embedded but not sectioned
Data collected directly on end

Part Two
Second Pilot
4000, 6000, 8000, 10000 &
12000 mJ/cm?2 groups selected

]

Flattened tooth n = 1
Flattened proximal
250 K fatigue cycles

I

Part Two
Third Pilot

Gap expanded to include defects
Proximal flattening minimized
Add water only and incremental groups
5600 K fatigue cycles n=3

l

Part Two
Final Method
Ridit Scale
n=8

Part Three
Composite Bars n=5
Flexure Strength and Modulus
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PART ONE

PILOT STUDY
MATERIALS AND METHODS

Effects of Energy Density on Hardness and Degree of Conversion.-- The first

objective was to determine which energy densities would produce sequentially decreasing
degrees of gingival cure and hardness in a 5 millimeter long
resin composite restoration. One extracted human molar,
stored in 0.525% NaOCIl served as a reusable template. A

tapered Class II slot cavity preparation (Figure 1) was

created with a #57 carbide bur and high-speed handpiece |

with water coolant with the following dimensions: Figur 1: Re-ﬁsabile:template
' (anatomic)

buccolingual (occlusal) — 4.5 mm; buccolingual (gingival) —

4.0 mm; mesiodistal (gingival) 1.5 mm; occlusalgingival height of 5 mm. Composite

specimens were created as outlined below. The tooth was stored in 37 degree Centigrade

tap water while not in use.

A thin layer of Bis-GMA and TEGDMA (50% each by weight) containing no
polymerization promoters was placed in the cavity preparation to act as a lubricant and to
simulate the layer of dentin bonding. A
metal matrix band was placed on the tooth
and held in place with a hemostat. A

minifill resin composite was placed in bulk

(Z250, Shade A-2, 3M, St. Paul, MN) using

a resin composite syringe system (CR

Figure 2: Mounting jig




Figure 3: Creation of test surface
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tubes, Centrix, Inc, Shelton, CT) until the preparation was full. Large condensers were
used to smooth the occlusal portion. The composite was cured from the occlusal with a
curing light (VIP, Bisco, Schaumburg, IL) after utilizing its internal calibration feature.
The light output of the curing light was confirmed using a power meter (Power Max
5200, Molectron, Portland, OR). A 10.25 millimeter curing tip was utilized and held in
place with a mounting jig (Figure 2). The light tip rested on the occlusal cusp tips and a
blue ink line on the occlusal surface helped to reduce variation in angulations and
position. The distance between the light guide and the composite surface was
approximately 0.75 millimeters. The approximate center of the light guide was over the
center of the occlusal composite surface. The power density of the curing light was 600
mW/cm? and the time was varied between 10 and 100 seconds (10, 20, 40, 60, 80 and 100
seconds) to produce the various levels of cure at the gingival margin. Three specimens
were made per energy density. The specimens were removed from the tooth template
and stored dry throughout the entire testing process in a black film canister when not
handled. The same day, the specimens were suspended in acrylic rings using a wax sprue
and embedded in epoxy resin (Buehler, Lake Bluff, IL) and allowed to cure overnight in
a dark box container to eliminate light exposure. The next day, the specimens were
sectioned using a 0.3 millimeter thick diamond saw (Isomet, Buehler, Lake Bluff, IL)

under a water coolant. The lights were dimmed in the room to reduce exposure. One
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saw cut was made through the specimen in the approximate center from the buccal and
lingual surfaces respectfully. The.test surface became the cut inner surface of the section
(Figure 3) and was polished using 5 micron aluminum oxide powder (Buehler, Lake
Bluff, IL) and de-ionized water on a 8 inch nylon polishing cloth (Buehler, Lake Bluff,
IL) for 30 seconds.

A grid area was inscribed on the surface with a pencil to facilitate testing (Figure
4). Measurements were taken within the center of each increment at 24 hours for Knoop
hardness and between 3 and 7 days for
degree of conversion. The gridded
specimen was tested at 2 points in the

mesiodistal direction in 0.75 millimeter

L increments and 1 millimeter in the

Figure 4: Gridded specimen occlusalgingival direction for the entire
length of the specimen for Knoop hardness (KHN) (Kentron Microhardness, Torsion
Balance Co., Clifion, NJ) Due to the heavy time expenditure, only the occlusal and
gingival increments were tested for degree of conversion (DC) using Fourier Transform
Infrared Spectroscopy (FTIR) (DS20, Analect Instruments, Irvine, CA). Tiny chips of
composite - 10 to 30 microns in thickness - to be placed in the FTIR were removed from
the center of each increment using the tip of a razor blade after completing the Knoop
hardness test. Knoop hardness values were determined using the following formula:
KHN =L/ 1> x Cp where L is the load in kilograms and 1 is the length of the indentation

in millimeters and Cp is the constant 0.007028. A 200 gram load was used with a dwell

time of 10 seconds.
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The degree of conversion of the Z250 resin composite was determined using
FTIR analysis. The intensities of the carbon double bond (C=C) absorbance peak at
1637.3 cm™ and the aromatic (C...C) reference peak at 1608.3 cm’ were measured with
30 scans at a resolution of 4.0 in transmission mode. The C...C peak originates from the
aromatic rings in the Bis-GMA molecule and remains unchanged during the
polymerization reaction. The ratio of the absorbance intensities of C=C/C...C were
compared before and afier polymerization using the following equation to determine the
percent of reacted carbon double bonds or degree of conversion:

1 - [Abs (C=C) / Abs (C...C)] cured resin / [Abs (C=C) / Abs (C...C)] uncured resin X 100

See Appendix under Equipment for more details on FTIR and Knoop Hardness testing.

Data Analysis. Three specimens were created for each energy density level. Three
hardness and two degree of conversion values were determined per axial and proximal
increment examined per specimen and a mean calculated. The percentage of maximum
KHN and DC was determined for the gingival regions. A two-way analysis of variance
(ANOVA) was used to test the effect of energy density or location (axial vs proximal) on
Knoop hardness in the 5 millimeter increment. The same tests were done for degree of
conversion. Tukey’s post-hoc tests were utilized to perform a posteriori pair-wise
comparisons to determine which groups showed a significant difference («=0.05). SPSS
software (SPSS Inc, Chicago, IL) was used and the printout is provided in the Appendix
under Part One. Also, paired student t-tests were used to compare axial with proximal
increments for both Knoop hardness and degree of conversion. See tables in Appendix

under Part 1.
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RESULTS

Effects of Energy Density on Hardness and Degree of Conversion.-- The mean

of three hardness values per increment per specimen (Appendix Part 1) and the mean of
two degree of conversion values per occlusal and gingival increment per specimen
(Appendix Part 1) was determined and a percentage of maximum KHN and DC
determined for the gingival regions. The highest value for KHN and DC was found to be
98.7 kg/mm’ and 60.6% respectively and was therefore designated as the maximum KHN
and DC. Paired t-tests revealed no significant difference between axial wall and proximal
surface increments for all but a few of the paired increments found typically in the lower
energy levels (Appendix, Part 1). Pooled versions of the tables combining axial with
proximal values are shown below (Tables 1 and 2).

A linear regression analysis (R?=0.95) was performed using SPSS software
relating Knoop hardness with degree of conversion at the gingival increment using
pooled axial and proximal average values (Figure 5). Also, Knoop hardness (R?=0.96) or

degree of conversion (R*=0.94) was plotted versus the log of energy density (Figure 6).

Table 1: Knoop Hardness in kg/mm? (anatomic template) n=6 max KHN =98.7

6000 mJ/cm* 12000 mJ/cm’ 24000 mJ/cm”
mean st dev mean st dev mean st dev
1 mm 89.4 4.8 1 mm 89.3 5.2 1 mm 90.2 5.0
2 86.1 5.3 2 89.6 3.6 2 87.6 5.5
3 78.5 5.7 3 84.8 2.7 3 85.8 6.1
4 70.3 4.4 4 79.3 6.5 4 79.2 8.3
5 mm 45.8 4.2 5 mm 64.6 9.2 5 mm 70.6 11.3
% of max 46.4 4.3 % of max 65.3 9.4 % of max 71.5 11.6
36000 mJ/cm’ 48000 mJ/cm* 60000 mJ/cm®
mean st dev mean st dev mean st dev
1 mm 90.2 4.6 1 mm 91.6 2.4 1mm 90.8 2.3
2 89.9 3.8 2 91.7 3.1 2 90,7 4.5
3 90.8 4.7 3 90.3 4.2 3 92.5 5.4
4 85.7 4.2 4 83.9 5.3 4 92.5 6.2
S mm 76.4 12.0 S mm 80.0 6.0 5 mm 88.7 2.3
%ofmax | 77.3 i 12.1 % of max 80.9 6.1 % of max 89.8 23




Table 2: Degree of conversion in % (anatomic template) n=6 max DC=60.6 ;¢
6000 mJ/cm® 12000 mJ/cm’ 24000 mJ/cm®
mean st dev mean st dev mean st dev
1 mm 53.7 2.7 1 mm 56.1 2.4 1 mm 57.3 2.2
2 2 2
3 3 3
4 4 4
S mm 40.0 2.2 Smm 47.2 3.0 5 mm 49.2 33
% of max 66.0 3.6 % of max 77.9 4.9 % of max 81.2 5.5
36000 mJ/cm? 48000 mJ/cm® 60000 mJ/cm®
mean st dev mean st dev mean st dev
1 mm 57.5 2.5 1 mm 58.0 2.4 1 mm 58.9 1.9
2 2 2
3 3 3
4 4 4
5 mm 50.0 4.6 Smm 54.6 1.5 S mm 54.7 1.1
% of max 82.6 7.6 % of max 90.2 2.5 % of max 90.3 1.9

KHN (kg/mm?)

Figure 5: Knoop Hardness vs degree of conversion at the gingival

increment

+ KHN =-60.9+27xDC

R-squared = 0.95

DC (%)

70
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Figure 6: Knoop Hardness or degree of conversion vs log energy
density at the gingival increment

+  KHN=18.8+37.9logeng . DC=303+138logeng
R-squared = 0.96 R-squared = 0.94

KHN or DC

0.00 0.38 0.76 1.14 1.52 1.90
Log of Energy Density

A percentage of maximum Knoop hardness and degree of conversion were
determined for the gingival increments. A two-way analysis of variance (ANOVA) was
completed (Appendix, Part 1) using non-pooled axial and proximal average values (n=6)
to test the effect of energy density or location (axial vs proximal) on Knoop hardness in
the 5 millimeter increment. The same tests were done for degree of conversion.
Significant differences in Knoop hardness and degree of conversion were found based on
energy levels using a two-way ANOVA and Tukey’s post hoc tests. (=0.05). The
percentages of maximum Knoop hardness and degree of conversion of the pooled
gingival increment is shown below in Table 3. Letters (a-d) denote significant
differences across rows. At least 36000 mJ/cm* was necessary to produce maximum
gingival degree of conversion and Knoop hardness in a 5 millimeter deep restoration of

Z250 resin composite.
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Table 3: Percentages of maximum KHN and DC at the gingival increment for various
energy densities n=6/group

a - d denotes significant differences across rows

6000 mi/em? 1 12000 mJ/em® | 24000 mi/cm® | 36000 m)/cm® | 48000 mJ/cm® _| 60000 mJ/cm’
KHN |464%a 65.3%b 71.5%b,c 773 %bcd 81.0%cd 898 %d
DC 66.0%a 779 %b 81.2%b 82.7%b.c 90.2 % ¢ 90.3 % ¢
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DISCUSSION

Effects of Energy Density on Hardness and Degree of Conversion.-- Although

the two-way ANOVA showed no significant difference overall between axial wall and
proximal surface increments at the 5 millimeter level, the individual paired T-tests did
show a few differences at lower energy levels (Tables in Appendix under Part One). This
variation could be due to the orientation of the light guide and the effect of tooth or band
shadowing.

Regression analysis (Figure 5) revealed a significant correlation when relating
Knoop hardness and degree of conversion (R*> =0.95). This agrees with Ferracane who
found a similar relationship during the setting reaction of three unfilled dental resins.>*
However, the attainment of hardness relative to maximum hardness fell behind the degree
of conversion of the carbon double bonds (Tables 1 and 2). This is possibly due to the
late formation of networking links in the polymer chains. A greater increase in hardness
relative to maximum hardness occurred with higher energy levels and subsequent
increases in crosslinking.>® Lag of hardness behind degree of conversion could also be
due to the overestimation of percent cure at lower energy levels. The “overestimation”
may be due to the sectioning and polishing that might cause a loss of free monomer.

Knoop hardness (R>= 0.96) or degree of conversion (R? = 0.94) at the gingival
increment had a strong linear relationship to the log of the energy density. However, the
KHN and DC values fell dramatically at the gingival increment below a threshold level of
approximately 12000 mJ/cm?,

The first objective was to determine which energy densities would produce

sequentially decreasing degrees of gingival cure and hardness. However, having



40

examined the results of this first objective, it became obvious that the minimum energy
density in the gingival increment had not been determined. Two new energy density
groups were created lower than the 6000 mJ/cm?. A 2000 mJ/cm? group (200mW/cm’ x
10 secs) and a 4000 mJ/cm? (400mW/cm? x 10 secs) group were tested for hardness and
degree of conversion. Three specimens were created for each energy density level. Three
hardness and two degree of conversion values were determined per axial and proximal
increment examined per specimen and a mean calculated (Tables in Appendix, Part 1).
The percentage of maximum KHN and DC was determined for the gingival regions. A

summarized version of each table is shown below in Table 4.

Table 4. Knoop Hardness and degree of conversion (new groups)
=6 max KHN =98.7 max DC = 60.6

KHN (kg/mm?)
2000 mJ/cm* 4000 mJ/cm*
mean st dev mean st dev
1 mm 78.2 10.3 1 mm 86.4 5.2
2 83.0 8.8 2 79.7 3.6
3 71.1 10.4 3 72.0 2.7
4 47.3 8.3 4 65.2 6.5
5 mm 16.7 3.8 S mm 43.5 9.2
% of max 17.0 3.8 % of max 44.0 7.9
DC (%)
2000 mJ/cm’ 4000 mJ/cm*
mean st dev mean st dev
1 mm 52.7 4.6 1 mm 54.0 2.4
2 2
3 3
4 4
5 mm 27.9 12.0 5 mm 36.1 6.0
% of max 46.0 8.5 % of max 59.1 6.0




41

Table 5: Selected groups for Part 2, 1% Pilot, based on max KHN or DC of
gingival increment

% Gingival Energy density Power x time
KHN/DC of max (mJ/cm?) (mW/cm® x secs)
45/60 4000 400 x 10
65/80 12000 600 x 20
80/90 48000 600 x 80

The Knoop hardness of the gingival increment of the 2000 mJ/cm® group was
undeterminable and soft to touch in one specimen and near the limits of the filar scale in
the other two. Therefore, 4000 m)/cm® was chosen as the lowest energy density. Table 5
shows the selected groups to be used in the first pilot of the second part of the study (Part
2) based on percent of maximum Knoop hardness or degree of conversion of the gingival
increment.

Inspection of the initial data (Tables in Appendix under Part 1) raised certain
questions concerning the possible inflation of the Knoop hardness and degree of
conversion numbers.  Various efforts were undertaken to review existing data and to
implement improvements before further testing.

First, it became apparent that the variability in length and occlusal shape created
from preparing an anatomic tooth could result in extreme incqnsistency in degree of
conversion in the gingi\lral areas of the restoration, especially at the lower energy
densities. A solution was to flatten the occlusal table to provide a uniform 5 millimeter
depth and shape to the preparations of the teeth. Also, as noted earlier, variation between
individual values in the axial/proximal regions, particularly for low energy conditions,

suggested that the curing conditions were variable — possibly due to angulations of the
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light guide or differences in surface reflectance. Flattening the tooth surface was
expected to reduce the potential for light guide angulations.

Second, since the data collected per increment was only representative of the
middle third of the increment, it did not represent the true values at the apical portions of
that increment. At lower energy densities it became apparent that the Knoop hardness
and degree of conversion values could decrease dramatically in the apical half millimeter
in the gingival increment. Knowing the true conversion value of the absolute gingival
marginal level would become critical in Part 2 of this study.

Third, concerns were raised over the possibility of heat generation causing an
increase in conversion from embedding the specimens in epoxy prior to FTIR evaluation
and possible leaching of monomer from sectioning and
polishing. Therefore, a new set of removable specimens
was evaluated based on a flattened tooth template

(Figure 7). A total of three specimens were created per

group. These 5 millimeter long specimens were not R

Figure 7: Flattened template
sectioned, polished or embedded in epoxy, but were

evaluated directly on the gingival and occlusal edges after lightly sanding away 0.1

millimeters to remove any unfilled resin and air inhibited layer. Testing was conducted

24 hours after dry storage at room temperature in a black film canister. Tiny chips of

composite to be placed in the FTIR were removed from the occlusal or gingival area of

the specimen in a darkened room. The average of three degree of conversion (DC) values

per specimen was determined. Table 6 lists the occlusal and gingival degrees of

conversion for the various energy densities. The percentage of maximum DC was
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determined at 5 millimeters. A analysis of variance (ANOVA) was used to test the effect
of energy density on DC at the gingival margin. SPSS software was used and the results

are shown in the table and the printout is provided in the Appendix under Part 1.

Table 6: Occlusal and gingival degrees of conversion with percentage of
maximum DC (58.2) of gingival increment using flattened template.
(a — e denotes significant differences) n=3

m.lcm2 occ DC | st dev| ging DC|st dev] % max
4000 54.1 1.0 14.3 5.1 | 245a
6000 53.4 1.9 | 262 | 44 | 449D |
8000 55 1.2 33.4 0.2 |57.3bc]
12000 55.2 1.9 39.4 2.3 |676cd
24000 56.2 | 1.9 46.5 0.9 80d |
Control 72000] 57.4 0.7 56.4 1.6 97 e

It became apparent that a significant descending gradient of degree of conversion
values was seen below the 12000 mJ/cm” level at the gingival margin providing greater
opportunity to evaluate even more levels of conversion, especially in the critical lower
levels. Therefore recommended groups for the second part of the study would eventually
expand to include 4000, 6000, 8000, 10000, 12000 and 72000 (control) mJ/cm?.

Finally, the Knoop hardness indenter utilized in this study displayed variability
between operators and possibly overestimated actual Knoop hardness when evaluating
resin composites. The poor contrast between the indentation and surrounding resin
matrix may have provided a hindrance to reproducing filar length determinations. To

reduce the potential for altering the hardness values in the poorly converted portions of
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the specimens, a high level of polish was not attempted. A simple study found that
Knoop hardness values varied a plus or minus 10 — 20 % between operators reading the
same indentation. See Appendix under Part 1 for details. Care should be taken to use the
same operator throughout the testing process to preserve the relative significance of the
numbers between groups. The same study found a potential overestimation of Knoop
hardness values by an average of 14. The ability to read the indentation may be enhanced
by covering the composite test surface with graphite prior to testing to greatly increase
contrast. Overall, the use of graphite appeared to increase the ability to read the actual
lengths of the indentations and reduce the variability between operators and even within
the same operator.

A new set of removable; specimens was
evaluated for Knoop hardness based on the same
flattened tooth template (Figure 8). A total of

three specimens were created per group. These 5

millimeter long specimens were mounted vertically

Figure 8: Vertically mounted
in a square acrylic tube with epoxy resin with the ~specimens for KHN testing

occlusal and gingival portions exposed. These specimens were not sectioned, but
evaluated directly on the gingival and occlusal edges after gently sanding away 0.1
millimeters to remove any unfilled resin and the air inhibited layer with 600 grit sand
paper and polishing with 5 micron aluminum oxide paste for 30 seconds on a 8 inch
nylon wheel. Testing was conducted 24 hours after dry storage at room temperature in a
black film canister. Graphite from a mechanical pencil was rubbed on the lightly

polished surface of the composite specimens before indentation. The average of three
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Knoop hardness values per occlusal or gingival surface was determined. The following
table lists the occlusal and gingival Knoop hardness values for selected 5 millimeter
specimens. The percentage of maximum KHN was determined at 5 millimeters. A one-
way analysis of variance (ANOVA) was used to test the effect of energy density on KHN
at the gingival margin. SPSS software was used and the results are shown in Table 7 and

the printout is provided in the Appendix (Part 1).

Table 7: Occlusal and gingival Knoop Hardness with percentage of maximum KHN
(72.7 kg/mm?) of gingival increment using flattened template
(a — f denotes significant differences) n=3

mdlcm® | occKHN | stdev |gingKHN| stdev | % of max
4000 69.3 2.3 2.1 3.6 28a
6000 69.9 2.3 16.4 0.8 226Db
8000 69.1 3.1 28.5 4.5 39.2c¢
12000 68 2.1 393 0.3 541d
24000 68.8. 1.7 52.9 0.3 72.8e
Control 72000 71.7 1.1 70.2 1.2 96.5f

A linear regression analysis (R?> = 0.99) was performed using SPSS software
relating Knoop hardness with degree of conversion at 5 millimeters (Figure 9 (I)). The
lowest data point, representing 4000 mJ/cm® had a high standard deviation and was
dropped from the analysis to obtain a better fit (R> = 1.0; Figure 9 (r)).

Also, Knoop hardness (R> = 0.96) or degree of conversion (R> = 0.93) was
plotted versus the log of energy density (Figure 10). A more linear fit was seen in the
lower energy densities. If the curve was extended to include higher energy denstties, the

curve would plateau and an exponential equation would be more appropriate.
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Figure 10: Knoop Hardness or degree of conversion vs log energy
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DC (%)

density (flattened template) at the gingival increment
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R-squared = 0.96 R-squared = 0.93
~ +
= 4 /
1 + 1 1 1
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PART TWO

MATERIALS AND METHODS

Effects of Degree of Conversion on Marginal Integrity.-- First Pilot

The first objective was to determine which energy densities would produce
sequentially decreasing degrees of gingival cure and hardness. Next, selected energy
densities from this data were used to bond resin composite specimens in prepared teeth to
find the minimal extent of cure required by the base of the resin composite restoration
that allowed it to support the rest of the filling and maintain its marginal seal under
thermal and mechanical stress conditions.

Extracted human molars originally stored in 0.525% NaOCl were mounted in
acrylic rings (14 mm x 22 mm) with epoxy resin (Buehler, Lake Bluff, IL). A Class II
slot cavity preparation was created with a #57 carbide bur and high-speed handpiece with
water coolant with the following dimensions: buccolingual (occlusal) — 4.5 mm;
buccolingual (gingival) — 4.0 mm; mesiodistal (gingival) 1.5 mm; the gingival margin
placed 0.5 mm into dentin. A 0.5 millimeter bevel was placed on the buccal and lingual
margins. The teeth were stored in 37 degree C tap water while not in use.

A metal matrix band was placed.on the tooth and held in place with a hemostat.
The preparation was acid-etched for 15 seconds with 35% phosphoric acid, gently rinsed
for 15 seconds with water from a three-way syringe, and lightly dried leaving the dentin
moist. Two consecutive thin layers of Single Bond bonding agent (3M, St. Paul, MN)
was placed in the cavity, gently thinned for 5 seconds and light cured for 10 seconds at
600 mW/cm® after internally calibrating as before (VIP, Bisco, Schaumburg, IL). A

minifill composite resin was placed in bulk (Z250, Shade A-2, 3M, St. Paul, MN) using a
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composite resin syringe system (CR tubes, Centrix, Inc, Shelton, CT) until the
preparation was full. Large condensers were used to smooth the occlusal portion. The
composite was cured from the occlusal with a VIP curing light. The light output of the
curing light was assessed using a power meter (Power Max 5200, Molectron, Portland,
OR). A 10.25 mm curing tip was utilized and held in place with a mounting jig. The
cusp tips were flattened very slightly using a belt sander (Surfmet I, Buehler, Lake Bluff,
IL) to provide a uniform distance of 0.75 millimeters from the light tip to the occlusal
surface of the resin composite restoration. Various energy densities were selected based
on the results of the first part of study detailed earlier for profiling the degree of
conversion and Knoop hardness at the 5Smm gingival levels. See Table 5.

Completed specimens were finished immediately with polishing discs (Soflex,
3M, St. Paul, MN), photographed with 2x magnification (Elite Chrome, Kodak,
Rochester, NY), impressed with polyvinylsiloxane impression material (Express, 3M, St.
Paul, MN), and then stored in 37 degree Centigrade water for 24 hours. The specimens
received 1000 thermocycles with a 30 second dwell time at S to 55 degrees Centigrade in
a custom-made thermocycler. After thermocycling, the specimens were photographed
and impressed.

Next, the specimens were stressed in a custom-made OHSU mechanical fatigue-
cycling machine. See Appendix under Equipment for
more details. A 2 millimeter stainless steel ball was
cemented onto the occlusal surface of the restoration
with a chemically-curing resin cement. (C&B Cement,

Bisco, Schaumburg, IL). The specimens (Figure 11)

Figure 11: Fatigue cycler
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were then placed in the fatigue-cycler and stressed with a stainless steel bolt contacting
the ball for 50,000 cycles under a cyclic load of 18 to 85 Newtons at 1.25 Hertz and
verified using a Material Testing System machine (MTS Systems Corp, Eden Prairie,
MN) by placing the load cell in the fatigue-cycler and loading with the stainless steel
bolt. The specimens were constantly bathed in re-circulated 37 degree Centigrade water.
After 50,000 cycles the specimens were removed from the fatigue machine and
photographed and impressed as before. The estimated range of actual clinical
masticatory forces range from 9 to 180 Newtons at 3 to 4 Hertz. % Two hundred fifty
thousand cycles has been related to approximately one year of clinical use. 146148
Replicas of the specimens were created using epoxy resin (Buehler, Lake Bluff,
IL). The replicas were mounted on aluminum stubs, sputter-coated with 50 nanometers
of gold-palladium (Hummer VII, Anatech Ltd, Alexandria, VA) and the gingival margin
was examined and quantified by Scanning Electron Microscopy (SEM) (JXA-6000,
JEOL, Tokyo, vJapan). Examination Qf the marginal breakdown took place for each
specimen at the pre-operative, post-thermal, and 50,000 cycle steps. Quantitation
consisted of 25 equally-spaced measurements of the width of the gingival defect along
the entire length of the four millimeter gingival margin. A percentage of the margin
deemed defective was determined by dividing the number of the 25 locations with defects
by 25 and expressed as percentage. Polaroid (T-52, Cambridge, MA) photographs at 14x
magnification were taken of restorations and representative photographs were taken at
1000x magnification of select marginal defect areas. See Appendix under Equipment for

more SEM details.
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Marginal leakage of each specimen was determined with silver nitrate dye
penetration (J.T. Baker, Palmyra, N.J) after completion of the fatigue cycling. New
preparations and composite restorations were created with identical energy densities as
the fatigue specimens. They were polished, left in 37 degree Centigrade water as before,
but served only as pre-operative, non-fatigue specimens for marginal leakage
examination.

The staining technique was the same as that used in previous studies.'® All tooth
surfaces were covered with two coats of fingernail polish to within 1.0 mm of the tooth-
restoration margin. The occlusal surface of resin composite restoration was also covered
with nail polish because of the concern for enhanced microleakage from the occlusal
margins due to the reduction of the occlusal surface pre-operatively and the subsequent
reduction in circumscribing enamel. The specimens were immersed in 3 moles per liter
silver nitrate for 24 hours in a dark drawer. They were then removed, rinsed with de-
ionized water, and placed in film developer (Eastman Kodak, Rochester, NY) under
fluorescent lights for 24 hours. On removal from the developer, the teeth were rinsed in
de-ionized water, embedded in epoxy resin (Buehler, Lake Bluff, IL) and allowed to set
overnight. Three mesiodistal sections were made through
the restorations using a 0.3 millimeter thick diamond saw
(Isomet, Buehler, Lake Bluff, IL) in order to assess marginal

leakage along the entire length of the preparation interface.

Figure 12: Cross-section of restoration
after silver nitrate stain

Length of Stain/
Length of preparation x 100%
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Leakage scores were assessed .on the six resultant surfaces using IP Lab software
(Séanalytics, Fairfax, VA) and the extent of the dye penetration was expressed as a
percentage of the entire cross-sectional length of the preparation interface. See Figure
12. The most severe dye penetration of the six surfaces was used as the score

representing that specimen.
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RESULTS / DISCUSSION

Effects of Degree of Conversion on Marginal Integrity.-- First Pilot

The first pilot study used the results of the initial data evaluating the effects of
energy density on hardness and degree of conversion as seen in Table 1 and 2. The initial
groups selected were summarized in Table 5 earlier. Only one sample from each group
was created for an “n” of 1. Photos of the restorations, SEMs and gap width data per
energy group can be seen in Appendix under Part 2, First Pilot. Several problems were
encountered and identified during this initial pilot study.

First, as stated earlier, the variability in length and occlusal shape created from
preparing an anatomic tooth could result in extreme inconsistency in gap formation in the
gingival margin of the restoration, especially at the lower energy densities. Therefore,
the occlusal table was flattened to provide a uniform 5 millimeter depth and shape to the
preparations of the teeth. A folded piece of electrical tape 0.75 mm in thickness, placed
on the occlusal surface opposite the preparation, would serve as a spacer to provide
consistent light curing distance.

Second, it was noted that the gingival margin was difficult to polish to the exact
margin without leaving slight overhangs of resin, especially at higher energy densities.
Therefore, the proximal area was flattened slightly to provide better access to polishing.

Third, it was obvious that the 4000 mJ/cm® group had significant degradation in
the gingival marginal area. However, as stated earlier, the original hardness and degree
of conversion testing only evaluated the middle third of each increment. Therefore, a
new set of removable specimens was created from a flattened tooth template to determine

the degree of conversion directly from the apical portion of the specimen. It then became
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appareﬁt that a significant descending gradient of degree of conversion values was seen at
the gingival margin below the 12000 mJ/cm?® level, providing an opportunity to evaluate
even more levels of conversion (Table 6).

Fourth, a higher number of cycles on the mechanical fatigue cycling machine was
used to see if greater differences could be discerned in the gingival margin, especially at
higher energy densities. Mechanical cycling was increased to 250,000 from 50,000

cycles.

Second Pilot.-- Photos‘ of the restorations, SEMs and gap width data per energy
group can be seen in the Appendix under Part 2, Second Pilot. Only one sample from
each group was produced for an “n” of 1. Several problems were encountered and
identified during this second pilot study.

First, the definition of “gap width” needed to be expanded to include defective
marginal areas instead of areas that had a true space or gap. This allowed a better
assessment of all marginal areas, especially in the 4000 mJ/cm® group, which had an
obvious loss of resin composite but still maintained relatively small “gaps”.

Second, it was felt that the amount of proximal flattening to facilitate polishing
was too severe. This could compromise the effect of enamel bonding, especially as the
gingival margin was approached. Future groups would include subtle flattening only in
the immediate gingival margin area.

Third, it was rec;ommended to include two control groups. One group would be at
4000 m)/cm® without any thermal or mechanical cycling to see the effects of water

storage only on the marginal defects. The second control group would be more
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traditional with 2 millimeter incremental placement of the resin composite and 40
seconds at 600 mW/cm? irradiance per increment. The first increment would only be 1
millimeter in thickness.

Fourth, a higher number of cycles on the mechanical fatigue cycling machine was
attempted to see if greater differences could be discerned in the gingival margin,
especially at higher energy densities. Maximum mechanical cycling was increased to
500,000, with specimens also evaluated after 100,000. In addition, specimens were

created after 300,000 cycles, to be evaluated if necessary.

Third Pilot.— Representative photos of the restorations, SEMs and all of the
defect width and percent defective data can be seen in the Appendix under Part 2, Third
Pilot. Three specimens from each group were produced for an “n” of 3. A summarized

version of the data can be seen in Table 8.

Table 8: Defect widths & percent defective margin n=3 (width in microns)

Pre-op Post-Thermal 100K 500K
width | stdev | % def | width | st dev | % def | width | st dev % def| width | st dev | % def
4000-W mJ/em?2| 230.7 | 345.5 | 58.5 | 229.2 | 342.3 | 60.3 [228.5]|342.9| 58.3 | 229.5 | 343.1 | 59.0
4000 mJ/cm2 | 466.1 | 247.5 | 100.0 | 474.0 | 246.3 | 100.0 (479.5]248.6 [100.0 | 488.4 | 245.9 { 100.0
6000 mJicm2 | 5.9 5.9 15.7 | 11.0 1.5 710 | 116} 33 [70.7 | 13.2 7.0 | 740
8000 mJ/em2 | 11.8 5.0 36.7 | 25.1 8.6 970 | 222 | 140 | 61.0 [ 25.2 7.6 | 823
10000 mJ/lecm2| 206 | 167 | 40.0 | 265 | 128 | 937 | 276 | 107 | 943 | 27.3 | 10.1 | 833
12000 md/lem2 | 26.9 3.0 88.7 | 30.5 40 [1000]260 ] 50 | 983 | 240 | 123 | 847
24000 mJ/icm2 | 13.8 5.1 63.7 | 20.3 37 807 | 185 | 1.7 | 77.0 ! 17.1 16 | 78.7
Control 3.4 5.3 7.8 8.0 9.1 813 | 63 | 70 | 573 ] 55 6.0 | 60.3

4000-W mJ/cm? specimens placed in water only for equivalent time of stressed groups
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A couple of problems were encountered and identified during this third pilot
study. It became apparent after analyzing the data that the defect widths did not fully
represent the true nature of the defects, especially in the 4000 mJ/cm® groups. The
current technique of measuring defect width using the SEM could not account for the
increase in depth of the defect. This became more significant as greater amounts of
cycling or time occurred. Therefore, it was determined that the gingival margins be
assessed by visual rating of the sputter-coated epoxy replicas by three examiners at 50X
magnification (SMX-10, Nikon, Oak Ridge, TN). A ridit scale from 1 to 11 was created
using techniques modeled after Mabhler, et.al.'™ See scale in Appendix under Part 2,
Final Method. This scale uses a numbered scale of restoration images that exhibit
progressively increasing degrees of marginal defects. The procedure involves assigning
to the restoration being evaluated, the number of the scale image to which it is most
similar with respect to the extent of marginal defect. The data may be analyzed using
parametric or non-parametric statistical methods. The defect and ridit data is provided in -
Table 9.

The tooth specimens outlining the ridit scale were ayailable in the form of sputter-
coated epoxy replicas to view at 50X magnification. The evaluators were calibrated with
several practice specimens and were encouraged to rate a specimen overall with a score
that may reflect a mental averaging of a combination of scores within the same specimen.
For example, one half of the gingival margin could rate a “2” on the scale and the other
half could rate a “6” to give a final score of “4” for that specimen. The specimens were
rated blindly and randomly, with the examiners unaware of the specimen type. Any

scoring discrepancy of greater than “2” between the evaluators was reassessed and the




evaluators were allowed to change their score, if desired.

Table 9: Defect widths and ridit scores n=3 (width in microns)
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DC at
Smm Pre-op Post-Thermal 100K S00K
Ene( Densil % of max| width|st dev/ridit|st dev| width|st dev ridit]st dev/| width|st devridit|st dev| width|st dev| ridit [st dev
3000°W dlonis | B0 3455/48| 23 [98313423|53] 26 [Fp88I3420(59] 31 [PNIAI3431]64) 33
4000 mJ/icm?2 20 l466.1]247.5(7.4] 0.8 |474.0]|246.3|8.1] 0.2 |479.5[248.6]9.1| 0.5 |488.4/2459/10.3] 1.2
6000 mJ/icm2 45 59 | 59 {22] 1.3 [110] 15 |27| 16 {116 33 }21] 1.0 |13.2} 7.0 {26] 1.1
8000 mJ/cm2 58 118| 50 |22] 06 |25.1]| 86 |38] 16 |222]140]33]| 33 {262| 76 [37)| 1.7
10000 mJd/cm2 68 206!16.7 37| 23 |265(128 41| 18 {276]10.7 {42] 15 [27.3/10141] 1.8
12000 mJ/cm2 71 260! 30 [37] 08 {305] 40 [43] 1.2 [26.0]| 50 [40] 14 [24.0[123]36{ 13
24000 mJ/em?2 84 1381 51 |20{ 02 |203] 37 |30/ 07 |185] 1.7 |32/ 02 {17.1] 16 |34]| 10
Control (24000x3) 98 34 {53 22118 /80|91 )23} 186370 |23/ 17 |55 ]| 60123]{18

4000-W mJ/cm? specimens placed in water only for equivalent time of stressed groups

Figure 13: Width vs ridit

width (microns)

200

100+

width = -15.72 + 10.68 * ridtt
R-Square = 0.62

A linear regression analysis was performed using SPSS software relating defect

width with ridit scores. When the 4000 mJ/cm? groups were left out because of the

obvious lack of relationship between width and ridit scores, the correlation has an R? of

0.92. See figure 13. Including the 4000 mJ/cm? groups gives a correlation with an R? of

0.89 (not shown).
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Final Method.-- As expected, there is a high standard deviation in many of the
groups and especially the 4000 mJ/cm? groups (both water only and fatigued) in both the
defect analysis and microleakage study. Therefore, the number of specimens was
increased to 8 per group and a ridit analysis only was conducted with 3 evaluators. The
results are summarized in table 10. The raw data of the 3 evaluators is provided in the
Appendix under Part 2, Final Method.

A paired t-test was completed comparing the pre-operative margins with the
margins cycled 500,000 times. A significant degradation was found only in the 4000

mJ/cm? groups (p < 0.05). However, since the degradation was seen both in the water-

Table 10: Ridit analysis n=8 3 evaluators

, - KHN at 5mm| pCatSmm | Preop | Postthrmal [ 100K 500K
' Energy Density | % max|stdv 9% max | st dv/ ridit | st dv | ridit | st dv | ridit{st dv | ridit | st dv
3.6 51|40! 19 |45] 20 |56] 20 [63] 2.4 | 0.002

4000 mylem?_| 28a | 36 | 24.5a [5147| 27 |48 30 |54]| 32 |60] 38 | 0035

6000 mdfom? | 22.6b| 08 | 45b |4425] 1.2 |[29] 1.2 |27)1.0 128 1.3 | 0402

8000 mJfern® | 39.2¢ | 465 |57.3b,c| 02|33 1.4 |43 | 08 |42] 11 }42] 10 ] 0113 | be
12000 mJom? | 54.1d | 0.3 |67.6¢,d|23|39| 09 {41] 14 140|009 |41 0.8 | 0407 | be
24000 mJem® | 72.8€{ 0.3 | 80d 10.0/30| 06 |33] 06 (33,05 |32] 06 | 0516 | ab

Control (24000x3)| 96.5¢| 1.2 | 97e [16124] 12 [22] 08 [23] 09 |23| 0.8 | 0487

a — f denotes significant differences in columns
4000-W m)/cm’ specimens placed in water only for equivalent time of stressed groups

only and the stressed groups, it can be concluded that the water was primarily responsible
for the degradation and not the thermal-mechanical stressing.

A two-way analysis of variance (ANOVA) was completed with SPSS software to
test the effect of energy density or thermal-mechanical stressing on gingival marginal

defects (ridit scores). See printout in Appendix under Part 2, Final Method. Significant
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differences in the ridit scores were found based on energy levels. Tukey’s post hoc test
was used to determine differences between individual groups (o0 = 0.05; Table 10). No
overall significant difference was seen based on stressing (p = 0.167). Differences were
seen based on energy density (p = 0.0001). There were no significant differences between
the incrementally-filled control group, and the bulk-filled 24000 and 6000 mJ/cm?
groups.

The results of the microleakage study are summarized in Table 11. The raw data
and photos of all of the sectioned specimens used for scoring are shown in the Appendix
under Part 2, Final Method. An unpaired t-test was completed comparing microleakage
of pre-operative with post-operative margins (1000 thermal-cycles and 500,000 fatigue-
cycles). No significant difference was seen between these two comparisons at any energy
density. The microleakage scores of the groups had an overall normal distribution (p >
0.05). See SPSS printouts in Appendix under Part 2, Final Method. A two-way analysis
of variance (ANOVA) was completed to test the effect of energy density or thermal-
mechanical stressing on microleakage. No overall significant difference was seen based
on stressing or energy level (p = 0.167 & 0.212). A one-way analysis of variance
(ANOVA) was used to test the effect of energy density on microleakage pre-operatively
and also post-operatively. No significant differences were found. SPSS software was

used and the results are shown in Table 11. See printouts in Appendix under Part 2, Final

Method.
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Table 11: Microleakage scores: percent of cross-sectional length of
preparation interface n=38

ay. I Pre | stdv | AvgPost | stdv |
oosWmdo®. | 53a | 31 | 522 | 21| 096 | a
4000myem® | 53a | 31 | 56a | 27 | 086 | a
_ 6000mJem® | 58a | 28 | 552 | 30 | 085 | a
_ 8000mdem® | 57a | 25 | 47a [ 24 | 044 | a
12000 mdicm? 59a | 18 | 56a | 31 | 084 | a
 24000mdfem® | 38a | 14 | 30a | 5 | 015 | a
Control (24000x3) | 68a | 25 | 41a |32 | 011 | a

All “a” denotes no significant differences between groups in columns
4000-W mJ/cm2 specimens placed in water only for equivalent time of stressed groups
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PART THREE

MATERIALS AND METHODS

Effects of Degree of Conversion on Flexural Strength and Modulus --

Resin composite bars were produced having the same approximate degree of
conversion as the gingival margins created by various energy densities in Part 1 and 2.
These bars were tested to determine their flexural strength and flexural modulus. Knoop
hardness testing was used to approximate the degree of conversion because it was quicker
and easier and because it correlated so well with degree of conversion in previous testing
(R2 = (.99, Figure 9).

Specimens were made in square glass rods with dimensions of 2 millimeters by 2
millimeters by 25 millimeters. The Z250 resin composite shade A-2 was light-cured in a
Triad II (Dentsply, York, PA) laboratory curing unit for various time intervals to produce
surface Knoop hardness levels corresponding to the marginal Knoop hardness levels
found in the prévious procedures. This approach was taken because it was difficult to
measure the power output from the three bulbs in the Triad II unit. In addition, the light
in the Triad II unit was unfiltered, and could not be directly compared to the VIP light in
terms of curing efficacy or total energy density. The specimens were cured in a vertical
position in the center of a rotating platform in the center of the Triad oven to produce the
most uniform degree of conversion possible. The specimens were stored dry in a light-
proof film canister for 48 hours, polished on each side for 10 seconds with 5 micron
aluminum oxide paste on an 8 inch nylon polishing cloth, and then tested in 3-point
bending (20 mm span) on a universal testing machine (Instron, Instron Engineering

Corp., Canton, MA) at a crosshead speed of 0.254 mm/min. The flexure strengths were



61

determined from the maximum load using the equation:  Flexural strength = 3F1/2bh’
where “F” is the resultant force in pounds, “I” is the length of the specimen over the

support beams (20mm) and “b” and “h” are the base and height width of the bar (2mm).
The flexural modulus was determined from the initial slope of the force-deflection curve
using the following equation: E = L3/4bh® x F/Y with “F” (force in pounds) determined
on a straight portion of the curve and Y as the crosshead speed per minute (0.01 inches /

minute) divided by the chart speed (1 inch/min) with

“L, b and h” as before. Five specimens of each group Figure 14: Center KHN
measurement

were tested. Specimens from the flexure strength
tests were evaluated for Knoop hardness in the
Kentron hardness tester as before. The specimens

were polished on each side for 10 seconds with 5

micron aluminum oxide paste on an 8 inch nylon
polishing cloth (Buehler, Lake Bluff, IL). Graphite from a mechanical pencil was rubbed
on the lightly polished surface of the composite specimens before indentation. A load of
200 grams was applied thrbugh a diamond pyramid indenter with a dwell time of 10
seconds. The length of the indention was measured and a hardness number calculated.
Three measurements were made on two opposing sides of each bar and averaged. The
average from three bars was calculated (n = 3). These averages were then expressed as a
percentage of maximum hardness (71.8 kg/mm?) from this test and compared with the
previous data of Knoop hardness values produced in the gingival margin of the 5
millimeter specimens under various energy densities. In addifion to the surface hardness,

the center hardness of each bar was tested by embedding the previously fractured bars
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vertically in epoxy resin (Buehler, Lake Bluff, IL) in an acrylic ring and allowing them to
cure overnight in a light proof container (Figure 14).  The specimens were polished and
rubbed with graphite before indentation. One hardness value was taken at the center of
both ends of a bar and an average taken. The average of three bars was expressed as a
percentage of maximum hardness (n = 3). A one-way analysis of variance (ANOVA)
was used to test the effect of curing time on Knoop hardness (surface or center), elastic
modulus and flexure strength. SPSS software was used and the results are shown in
Table 12. See printouts in Appendix under Part 3. Detailed data can be seen in

Appendix under Part 3.
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Table 12 below shows the various hardness ratios and mechanical properties

obtained at various Triad II curing times and compares them to similar hardness ratios

found at the gingival margin at various energy densities with Part 1 and 2.

Table 12: Mechanical properties compared to KHN in Part 1 and 2

Part 1 n=3 n=3 n=>5 n=5
KHN at 5Smm| | Time | KHN surf | KHN center Flexural Mod | Flexure Strength
vEnk'ei'gvy Densnty > % max{stdv| | secs | % max|stdv|% max|stdv| GPa |stdv| % max ‘MPa |stdv % max
4000 mJfem® | 2.8a | 36 - o
6000mJiem® |226b] 08| | 4 |314al309|22a]09 |25a]05] 200 3522 (55| 261
8000 mdfem?®  {39.2¢ | 4.5 e
12000 mJfem® | 54.1d | 0.3 8 |50b|27|507b| 31| 6b [06]475|714b|58] 528
24000 miem?. | 72.8¢ | 03 | | 16 _|704¢| 1.3 [69.1¢| 21 | 91¢ |12 725 | 902¢ |124] 667
Control (24000x3) | 96,57 1.2 | | 80 [91.1d] 0.9 [91.2d[ 55 [12.3d[ 03| 97.4 [125:2d[74 | 926

a — f denotes significant differences within columns

A correlation was performed using SPSS software relating the surface Knoop

hardness of the flexure bars with flexural modulus (Figure 15) R* = 0.100 or flexural

strength (Figure 16) R*=0.98.

Figure 15: Surface KHN of flexural
bars vs. flexural modulus
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khnsurf = 4.19 + 0.49 * floxstr

Figure 16: Surface KHN of flexural bars vs. R-Square = 0.8
flexural strength

surface KHN
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It may be possible to extrapolate from these excellent correlations a good
relationship between the mechanical properties of the flexural bars produced with various
energy densities and the mechanical properties found at the gingival margin at various

energy densities seen in Part 1 or 2 (Table 12).
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OVERALL DISCUSSION

Many of the problems with the initial pilot study investigating the effect of energy
density on degree of conversion and hardness in the gingival portion of the restoration
were resolved with modiﬁCaﬁons in technique.  These modifications consisted of
standardizing the length and shape of the specimen by flattening the occlusal of the
template and testing the specimens directly on the occlusal and gingival surfaces. The
flattened occlusal surface reduced the potential variation in data, especially in the
gingival margin area, that could occur from inconsistent lengths in specimens produced
from an anatomic occlusal. It allowéd greater standardization of the position and
angulation of the light guide and permitted the testing of the most apical portion
corresponding to the gingival margin. At lower energy densities it became apparent that
the Knoop hardness and degree of conversion values decreased markedly in the apical
half millimeter of the gingival increment. However, the new technique did not allow data
determination within the body of the specimen.

There was a strong correlation when relating Knoop hardness and degree of
conversion (R? = 0.99) with the direct technique. Once again, the attainment of hardness
fell behind the degree of conversion of the carbon double bonds (Table 10) and this could
be due to the late formation of networking links in the polymer chains.>* A greater
increase in hardness relative to maximum hardness occurred with higher energy levels
and subsequent increases in crosslinking.>* The theory reported earlier that the lag of
hardness behind degree of conversion resulting from an overestimation of percent cure at

lower energy levels from sectioning and polishing is unlikely with the new technique.
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Another significant modification in technique consisted of improving the
visualization of the Knoop hardness indentations with the use of graphite. It was noticed
in the course of working with the hardness tester that a potentially significant variation
existed between operators or even
within the same operator when
reading or re-reading the same
indentation. Poor contrast
between the indentation and the

surrounding resin may have

contributed to this variation and

Figure 17: Knoop hardness indentation at 200x
(1) Non-graphite enhanced; (r) graphite enhanced

potential underestimation of the
length. A high level of polish may
have improved the contrast, but was not attempted in order to reduce the potential of
altering the properties of the lower cured areas. Graphite from a lead pencil placed on the
specimen before indentation provided dramatically improved visualization and
substantially reduced the standard deviation. See figure 17. A concern was expressed
over the possibility of the graphite altering the test or test surface. Therefore, graphite
was also placed on the nearby epoxy mounting resin, on which the indentations were
readily observed without the graphite. No differences were seen in hardness
measurements with or without graphite. See data in Appendix under Part One.

It is common in hardness testing to express the hardness values as a percentage of
the top or upper surface of the composite with 80 percent typically chosen to be the

critical level for adequate depth of cure. That was modified slightly in this study to
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reduce the potential error in comparing groups with softer top surfaces. The values were
standardized by expressing the hardness and the degree of conversion numbers as a
percentage of maximum. The maximum Knoop hardness value found for Z250 was
Aoriginally 98.7 but changed to 72.7 after using the graphite technique that provided easier
visualization of the indentation. The original data served primarily as a pilot to provide
initial guidance to energy density estimation. The study was essentially repeated using
modified techniques.

Many of the problems with the next part of the study investigating the effect of
degree of conversion on marginal integrity in the gingival portion of a restoration were
resolved with multiple modifications in technique.

The flattening of the occlusal surface became even more critical in this next phase
of the project due to the variability in anatomic form of the multiple teeth used. A
uniform 5 millimeter depth and shape to the preparatioris was produced.

In the higher energy density groups, especially the control group, it was difficult
to finish and polish the gingival margins to the exact margins without leaving a slight
overhang of resin composite. This became especially difficult in teeth with any sort of
furcal concavities or deep contours. Many of these overhangs did not become obvious
until observed under 50X magnification. Flattening the gingival marginal area with ;'11

disc just before preparation helped to create a more manageable surface. A recent study
found that 51.3% of bonded Class 2 resin composite restorations had significant flash at
the interproximal margins in teeth restored in a phantom head after a typical finishing and

polishing procedure."*




It was difficult when using scanning electron
microscopy to consistently identify the true width or
length of gaps or defects. A gap could be defined as
a space or lack of restorative material whereas a

defect may be defined as a loss of material or both.

It was often difficult to differentiate between the two.

Figure 18: Gingival marginal defect
Some areas were occupied with a thicker layer of at 1000 X

bonding agent, but it was problematic to determine if it was intact or fractured or simply
filling a void (Figure 18). Variation in the angulation of the interface could produce
variable results when attempting to measure gap width. Also, analysis at various
magnifications seemed to produce variable interpretations by itself. The procedure was
technically complex, expensive and very time consuming — taking up to one hour to
examine and quantify a single specimen. Finally, the technique was abandoned when it
was realized that the SEM could not adequately measure the depth of defects. This
became significant in the gingival marginal areas of the lowest energy density groups.

It was determined that the gingival margins would best be assessed by a visual
rating or ridit analysis that used a numbered scale of restoration images that exhibited
progressively increasing degrees of marginal defects. This technique has been used
successfully in the past by Mahler et. al. to evaluate amalgam margins.'”® However,
instead of enlarged photographic images, the sputter-coated replicas were examined using
50X stereomicroscopy by three examiners. Stereomicroscopy allowed the necessary
assessment of the depth of the defects in addition to width and length. The interval

nature of the ridit scale also lends itself to the use of the more powerful parametric
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statistics."*> A good correlation was found between defect widths as measured by SEM
and ridit scores (R> = 0.92).

Tt was interesting to see no significant effect of thermal-mechanical stressing on
microleakage or marginal defects. Several studies suggest that thermocycling resin
composite restorations may not significantly affect microleakage in Class 2 resin
composite restorations.'**'*>'> In a recent study, Wibowo used Z100 and Single Bond
in Class 2 restorations with gingival margins in dentin. He found no significant
difference between the thermal-cycled and non thermal-cycled groups using a computer
imaging technique of the gingival floor after breaking away the entire resin restoration.'*’
The effects of thermal-cycling resin composite restorations on microleakage remains
questionable and perhaps the procedure is unnecessary.

Studies have shown conflicting results of load cycling, reinforcing the need for
careful evaluation and interpretation due to differences in experimental designs.'*"**>
142 Several researchers found no effect on microleakage from load cycling of resin

. . 5 - .
composite restorations.'>>1**1*®  However, a few authors did find an effect from load

cycling "'¢1**% A couple of investigators found an effect from a simultaneous

100,139,156 157

combination of thermal-cycling and loading, while another had mixed results.
Virtually all of the studies evaluate only microleakage with thermal-mechanical loading.
However, a couple of recent studies have found conflicting results when evaluating
marginal gap formation and a combination of thermal-mechanical loading. ~ Friedl and
others,'*® using testing conditions fairly similar to this study (5000 thermal cycles and

500,000 load cycles at 1.7 Hz and 72.5 N in Class 2 restorations), found no significant

increase in marginal gaps using ProBond and Prisma TPH, but found a significant
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increase using Scotchbond MP and Z100. Interestingly, these investigators using a
measurement technique similar to this study, found an actual decrease in microleakage at
the dentinal gingival margin in both groups after thermal-mechanical loading.'*® They
theorized that the decrease could have been due to hygroscopic expansion. However, a
recent study by Lutz and Krejci utilized a three dimensional scanner and found an
increase in the percentage of marginal gap formation in MOD resin composite
restorations after a combination of simultaneous thermal and load cycling (3000 thermal
cycles and 1,200,000 load cycles at 1.7 Hz and 49 N).'%

Several studies have found no correlation between gap formation and

. 157,159-161
microleakage. '*7'*

Similar results were found in this investigation. A linear
regression analysis was performed using SPSS software relating the ridit scores and the
microleakage values and found a poor correlation with an R? of 0 24. Any significant
increase in marginal gap or defect would probably not contribute to an increase in
microleakage, once the threshold width for dye penetration is met.

The preparation and placement of the resin composite in this study was based on
techniques supported in the literature.  One study found a significant reduction in
microleakage by placement of a conservative bevel along the facial and lingual enamel
margins.''®  Also, the use of the syringe tip for resin composite placement has been
shown to decrease the viscosity of the material and decrease voids along the preparation
wallg, 162163

Various techniques have been utilized to assess dye penetration in microleakage

studies. Many utilize a single section through the center of the restoration, *+137-140.164165

However, a three dimensional technique whereby the entire restoration is removed has
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been shown to reveal more extensive dye penetration, ™ but it is more time consuming

and does not allow good visualization of dentin tubule leakage.'®® Using multiple

sections, as used in this study, seems to be a practical compromise. 2133139141169 1 (uaq

not surprising to see extensive leakage between resin composite and the dentinal gingival
margin. This agrees with many studies utilizing dentin bonding agents, !!6124133.136.138,169
A recent study by Hagge and others found extensive microleakage under composite using
a 5™ generation bonding agent with and without flowable liners. The only group not to
suffer heavy leakage utilized a resin-modified glass ionomer in an open sandwich
technique.'®  The enhanced performance of resin-modified glass ionomer liners on
dentinal gingival margins has been substantiated in several laboratory and clinical
smdies‘158,165,170

It was interesting to find, however, no significant increase in microleakage in the
groups with very low levels of gingival marginal cure. Microleakage testing using silver
nitrate dyes is a very stringent test that perhaps overestimates the amount of léakage that

7

will occur clinically."” The dye is of considerably smaller size and molecular weight

1

than bacteria, or endotoxins.!”’ Gap formation found at the dentinal gingival margin

found in this study and other studies was much larger than the silver nitrate dye.'*"'*®

Figure 19: 500X o
Dentinal gingival margin Figure 20: 14X

4000 mJ/em? 500K cycles 5 mm compgsite restoration
4000 mJ/cm® 500K cycles
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Perhaps any significant increase in marginal gap or defect would not contribute to an
increase in microleakage, once the threshold width for dye penetration is met. Even the
poorest cured group (4000 mJ/cm?) that sustained significant marginal degradation or
defects over time was found in pilot studies to have relatively small marginal “gaps” at
the depths of these defects (Figures 19,20). Therefore, except for the obvious loss of
superficial marginal resin composite material, these lower cured groups would possibly

not leak any more or less than the higher cured groups (Figure 21).

Figure 21:
Microleakage: (1) pre-op; (r) 500K cycles
4000 mJ/cm”

There was a significant loss in marginal integrity in the gingival margins with the
lowest degrees of conversion after thermal-mechanical stressing. However an identical
group stored only in water suffered similar degradation. This suggests that water, not the
thermal-mechanical stressing contributed to the increase in marginal defects in these
susceptible groups. The lesser the extent of the polymerization reaction, the more
residual monomers are available to be leached.*® This inverse relationship (R* = 0.95)
between degree of cure and percent elution was confirmed in a study by Rueggeberg and

Craig. ** In that study, resin composite was cured through various thicknesses of cured
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resin composite in order to reduce the irradiance and degree of conversion. After storing
the variably cured resin composite in water for four weeks, the elution of residual
monomers was determined gravimetric::nlly.50

There was no significant difference in marginal defects between the
incrementally-filled control group and the bulk-filled 24000 and 6000 mJ/cm’ groups.
Although the 6000 ml/cm® group was statistically similar to the control and 24000
mJ)/cm?® groups, it was on the edge of significant marginal deterioration as seen by the
4000 mJ/cm® groups and could not be recommended clinically. Any slight variation in
light guide angulation or loss in power density could result in severe undercuring and
marginal degradation. Also, these lower energy groups could be susceptible to solvents
and enzymes not tested in this study. The lack of marginal degradation in the 6000
mJ/cm® group may have been a combination of reduced shrinkage stress and just enough
degree of conversion to prevent degradation primarily from water.  Therefore, a
recommended lower limit of gingival margin acceptability in a bulk-filled resin
composite restoration was created by 80% of maximum conversion, 73% of maximum
hardness and approximately 70% of maximum ﬂexufal strength and modulus in the
gingival marginal area as seen in the 24000 mJ/cm? group.

Caution should be exercised when attempting to extrapolate the results of this
study to resin composites other than minifilled hybrid Z250. Direct comparisons of the
sufficiency of irradiatioﬂ using absolute surface hardness are not generally appropriate
because the hardness is influenced by both the nature of the resin matrix and of the
inorganic filler.®® Johnston and others used a mathematical model to suggest that the

depth of cure may be defined as the level at which the hardness value is equivalent to at
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least 90% of the hardness at the top of the composite.®® Others have suggested that this
top-to-bottom gradient should not exceed 20% ** and should be considered a realistic
measure of depth of cure.”

Various studies have advocated incremental instead of bulk placement and curing
for resin composite to decrease_the effects of polymerization shrinkage and to provide

. 3 : : .. 5
complete polymerization in deeper cavities. 25645

Incremental placement may also
reduce the configuration factor — the ratio of bonded to unbonded surfaces — and reduce
the stress by making more surface resin available for flow.*®  However, other studies
found no difference between bulk and incremental placement on marginal gap
formation®’ or fluid permeability.®® A finite element study by Versluis and others showed
that incremental filling yields higher polymerization shrinkage stresses.'”? Polymerization
contraction of each individual filling increment causes some deformation of the cavity,
forcing the walls to bend and decreasing cavity volume. Less composite placed for the
next filling increment results in a cavity that is volumetrically filled with less composite
material than the original volume of the cavity and that results in a higher stress state.'”
Using photo-elastic material, Jedrychowski and others found that bulk resin composite
placement generated the lowest shrinkage stresses compared with various other
incremental techniques.'”

This study found no significant difference in gingival marginal defects between
incremental cure and bulk curing at an energy density of 24000 mJ/cm?. The reasons for
these findings despite the great disparity in energy density between the groups may be

due to a complex interaction of multiple factors. With incremental curing, the

mechanical properties of the resin composite adjacent to the gingival margin and the
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bond between resin composite and adhesive are maximized. These factors favoring
improved gingival margin performance are balanced with the increased polymerization
shrinkage that occurs with the high energy density. With bulk cure, polymerization
shrinkage is lessened due to a decrease in applied energy density. Counteracting this is a
decrease in the mechanical properties of the resin composite adjacent to the gingival
margin. However, with the higher energy density group (24000 m)/cm?) adequate
mechanical properties at the gingival margin may result since functional forces through
the restoration are likely dissipated to the tooth via adhesion. Another factor opposing
gingival margin integrity in the bulk cure group may be a decreased adhesion of resin
composite at the gingival margin as a result of the reduced energy density.

The incremental placement of resin composite utilized Figure 22: Layering

of increments

in this study was difficult to accurately place and reproduce,
requiring magnification to insure uniformity among specimens.
Unlike bulk placement, an obvious demarcation could be seen
on occasion between sequential layers of the incremental
technique. Separate silver nitrate staining along the internal

restoration interface could be seen on occasion corresponding to

the demarcation areas'®. See Figure 22.

The 5 millimeter long posterior resin composite restorations were created with
various energy densities, but these energy densities were determined based on the power
density recorded at the end of the light guide. It became of interest to know just how
much power density was actually transmitted through the resin composite to the gingival

surfaces. Therefore, a simple study was conducted to determine what percentage of the
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power density delivered to the occlusal surface actually reached the gingival margin.
See details and data in Appendix under Part 3.

The 1.6 percent value of this study agrees with a recent study by Price and others
that found an average of only 1.1 percent of initial light energy transmitted through 5
millimeters of various resin composites (1.6 for Z250).'™

It was difficult to consistently record the lower levels of power found at the
gingival surface of the specimens. The Power Max reads heat energy and the ambient
level of heat in the room of 1 mW tended to complicate testing at these very low levels.
Also, the measurements reported with the Power Max tended to float slightly. Although
not a problem at the higher levels recorded at the end of the light guide, greater variation
and less reproducibility of the data was evident at these lower levels of recorded power.

Knoop hardness (R*= 0.96) or degree of conversion (R* = 0.93) at the gingival
increment had a strong linear relationship to the log of the energy density (Figure 10).
This agrees with Nomoto and others who reported a linear relationship between the depth
of cure and the logarithm of total amount of exposure.!” Cook described the intensity of
light transmitted by the cured resin composite by the equation:'”®

I=Lx 10

where I, is the intensity of the light at the surface of the resin composite; L is the depth
of cure and e is the attenuation coefficient due to the heterogeneity in resin composites
altering the optical properties. Light is absorbed and scattered by matrix and fillers.
When the specimen is irradiated for time t, the amount of light transmitted is defined by:

E=Ixt=I,xtx 10"
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where E is defined as the minimum total amount of exposure required to activate
polymerization. This equation can be expressed:
L= {log (I, xt)-log E}/e

which indicates that a linear relationship exists between the depth of cure (L) and
logarithm of total amount of exposure as was found in this study. '>'7¢

Figure 23 shows the correlation between Knoop hardness or degree of conversion
and energy density without the logarithmic conversion. Notice the sudden drop in KHN
or DC at lower energy densities consistent with the dramatic attenuation of energy
exposure.

Figure 23: Knoop Hardness or degree of conversion vs energy density
(flattened template) at the gingival increment
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The maximum load of 85 Newtons used in this study could have been increased in

an attempt to produce gingival

marginal degradation or until the Figure 24: 3 Strain gauges at the occlusal, gingival
and dentinal margins

restoration failed catastrophically.
However, the clinical significance of
such high forces and the likelihood of
producing localized changes in the
gingival area would be questionable.
A simple study was conducted to
determine the stress developed at the

occlusal and gingival marginal area

of the restoration. Three single strain
gauges (CEA-06-032UW-120, Measurements Group, Raleigh, NC) were bonded on the
resin composite (Cor;trol Group) near the occlusal, at the gingival margin, and on dentin
near the gingival margin using cyanoacrylate and the tooth was subjected to the same
cyclic forces as before (Figure 24). The generated strain was conditioned by a strain
gauge conditioner (2100 System, Measurements Group, Raleigh, NC). Data indicates
that the maximum amount of stress transmitted to the gingival marginal resin composite
area is less than 12.4 Megapascals (MPa). The maximum stress near the occlusal
marginal ridge was 15.5 MPa and near the gingival marginal dentin was 11.5 MPa. The
bonded resin composite restoration appears to absorb most of the available stress,

transferring the energy through the resin composite, the bonding agent and the supporting
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walls of the restoration without affecting mafginal integrity. See details and data in the
- Appendix under Part 3.

Future studies are needed to determine the effect of energy density on caries
resistance, interproximal wear resistance and post-operative sensitivity. Also, a less
photosensitive material such as a microfill composite should be evaluated under similar
conditions of this study to evaluate the opposite end of the spectrum of available
restorative resin composites. This additional information may provide a more general
description of the minimum hardness ratio necessary at the base of a resin composite
restoration to maintain marginal integrity. Also, a yellowish discoloration was seen in
the gingival areas of the poorly cured groups (4000 and 6000 mJ/cm?) after thermal-
mechanical stressing. See the photos of the restorations in the Appendix under Part Two,
1%, 2™ and 3" Pilot. A future study could examine the effect of water immersion on

composite discoloration over time in resin composites with variable degrees of

conversion using a colorimeter.
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OVERALL CONCLUSIONS

Based on the limitations of this study, the following conclusions can be made

concerning Z250 shade A-2 resin composite by 3M ESPE in class 2 slot preparations

with gingival margins in dentin with various degrees of conversion. (see summary sheet

following conclusions):

1)

2)

3)

4)

5)

6)

7

There was a strong correlation between degree of conversion and
Knoop hardness at the gingival margins. (R* = 0.99)

There was a good correlation between degree of conversion or Knoop
hardness and the log of energy density at the gingival margin. (R* =
0.96 & 0.93)

There was a good correlation between average defect widths and visual
rating (ridit scores). (R” = 0.92)

Energy density had a significant effect on gingival marginal defects
and no significant effect on microleakage.

Water had a sighiﬁcant dissolving effect on the resin composite with
very low degrees of conversion at the gingival margin producing
defects.

The maximum defect formed at the gingival margin with a Knoop
hardness of 2.1 or 2.8% of maximum and a degree of conversion of
14.3 or 24.5% of maximum.

There was no significant difference in gingival marginal defects
between the incrementally-filled control group and the bulk-filled

24000 and 6000 mJ/cm? groups.
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81

A recommended lower limit of gingival margin acceptability in a bulk-
filled Z250 resin composite restoration was created by 80% of
maximum conversion or 73% of maximum hardness as seen in the
24000 mJ/cm® group (600 mW/cm? for 40 seconds). There was no
significant difference between bulk curing and incremental filling resin
compbsite within these limits.

There was no overall significant effect of thermal-mechanical stressing
on gingival marginal defects or microleakage in class 2 resin

composite restorations with gingival margins in dentin.
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Summary Sheet

Ridit Analysis 3 evaluators n=8

KHN at5mm| pCat5mm | Preop | Postthrmal | 100K 500K | ttest
Energy Density | % max |stdv} o max st dv/ ridit | stdv | ridit | stdv | ridit | stdv | ridit | stdv pre-500
mJlc : 3.6 0 51/40] 19 |45| 20 [56] 2 |63 24 |0002| ¢
4000 mJfem® | 2.8a | 36 | 245a |51 |47 | 27 | 48| 30 |54 32 | 60| 38 |0035| o
6000 md/iem® | 226b| 0.8 | 45b |44 25| 12 |29 12 (27| 10 | 28| 13 |0402| a
8000 myem? | 39.2¢ | 4.5 |57.3b,c| 02|33 | 1.4 |43 08 |42] 11 | 42| 10 |0113 b,c
12000 mJ/em?  [54.1d | 0.3 {67.6¢c,d|23[3.9| 09 (41| 14 |40]| 09 | 41| 08 | 0407 b,c

24000 mJem® | 728e| 03 | 80d |09/30| 06 |33 06 |35]| 03 [32]| 06 |0516] ab
Control (24000x3) | 96.5f | 1.2 | 97e |16 |24 | 12 |22 ]| 08 [23]| 09 |23 08 10487 a

Microleakage % of margin n=38

_Energy Density |Avg Pre| st dv | Avg Post| stdv | t1es
- 4000. Bsl 53a | 31 | 52a | 21
4000mJiem® | 53a | 31 | 56a | 27
6000 mJiem® | 58a | 28 | 55a | 30
8000mJicm®> | 57a | 25 | 47a | 24
12000 mdiem® | 59a | 18 | 56a | 31
24000 mJiem® [ 38a | 6 | 30a | 5
Control (24000x3)| 68a | 25 | 41a | 32

Mechanical Properties

Part 1 n=3 n=3 n=>35 n=>5
KHN at Smm Time | KHNsurf |KHN center| Elastic Mod Flexure Strength

Energy Density | % max st dv secs | % max |stdv| % max |stdv| GPa [stdv|% max| MPa [stdv|% max
4000 mJcm®> | 2.8a | 3.6 '

6000 mJiem® |226b] 0.8 4 314a| 39| 22a |09 |25a{05]|200| 352a | 55 | 26.1
8000 mJem® | 39.2¢ | 4.5

12000 mJfem”® | 54.1d | 0.3 8 50b |27 ]50.7b| 31| 6b |06[475| 71.4b | 58 | 528
24000 mJyem® |72.8e| 0.3 16 70.1c| 13 [69.1c| 21 [91¢c[1.2]|725]| 90.2¢ |12.4| 66.7

Control (24000x3) | 96.5 { 1.2 80 [91.1d| 09 ]91.2d| 55 |123d|0.3]97.4|1252d]| 7.4 | 926

a-f denote significant differences in columns
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KHN

top
bottom

top
bottom

top
bottom

top
bottom

top
bottom

top
bottom

n=3 Flattened template; Data collected directly on end
4000 mJ/cm’ avg stdev
688 | 718 | 673 | 693 | 23 7
0.0 6.2 0.0 21 | 36 |2.84]% of max|
6000 mJ/cm’ avg _
677 | 722 | 698 | 69.9 | 23
160 | 173 | 159 | 164 | 0.8 |226] % of max|
8000 mJ/cm? avg
655 | 712 | 705 | 69.1 | 3.1
2650 | 336 | 268 | 285 | 45 |39.2] % of max|
12000 mJ/cm® avg
664 | 673 | 704 | 680 | 2.1
39.2 39.7 391 | 39.3 | 0.3 |54.1]% of max|
24000 mJ/cm’ avg
693 | 669 | 70.1 | 68.8
53.2 52.6 529 | 529 8] % of max|
72000 mJ/cm®>  Control avg
727 1 706 | 719 | 717 | 11
694 | 716 | 695 | 702 | 1.2 |96.5] % of max|

101




DC

top
bottom

top
bottom

top
bottom

top
bottom

top
bottom

top
bottom
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n=3 Flattened template; Data collected directly on end

4000 mJ/cm? avg stdev

53.0 54.9 54.5 54 .1 1.0

9.8 13.2 19.8 14.3 5.1 24.5 | % of max|
6000 mJ/cm? avg

51.7 554 53.2 53.4 1.9

21.9 30.7 25.9 26.2 4.4 45 | % of max|
8000 mJ/cm? avg

53.7 56.1 55.2 55.0 1.2

33.2 33.4 335 334 0.2 |57.3] % of max|
12000 mJ/cm? avg

53.3 55.2 57.1 55.2 1.9

41.8 39.0 37.3 394 2.3 87.6 | % of max |
24000 mJ/cm’ avg

54.2 56.3 58.0 56.2 1.9

47.2 45.5 46.9 46.5 0.9 80 | % of max|
72000 mJ/cm? Control avg

57.3 56.8 58.2 57.4 0.7

54.6 57.7 57.0 56.4 1.6 97 | % of max|
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KNOOP HARDNESS TECHNIQUE STUDY

Purpose: To determine if the pre-operative use of graphite before Knoop hardness
indentation can increase the readability and reduce the variability between evaluators of

filar measurements.

Materials and Methods: Three evaluators were asked to determine the length of a Knoop
hardness indentation at various occlusal-gingival increments in a specimen of Z250 resin
composite. The 5 millimeter long resin composite specimens were created in a flattened
tooth template (Figure 7) at 12000 ml/cm® with Shade A-2 Z250, mounted in epoxy
resin, sectionéd and lightly polished as before. Graphite from a mechanical pencil was
placed on one half of the increment. Two indentations were created side by side per
increment using a 200 gram load with a 10 second dwell time. One indentation was
made in graphite and one increment without. In addition, 5 indentations were made in
the nearby mounting epoxy with and without graphite and evaluated by just one

evaluator.

Results:

Z250: As can be seen in the tables on the following page, there was a significant
increase in the average Knoop hardness number per increment between graphite and non-
graphite coated surfaces. Also, there was a significant increase in the standard deviation
without the use of graphite (o0 = 0.05).

Epoxy: There was no éigniﬁcant difference in the average Knoop hardness

numbers between graphite and non-graphite coated surfaces.
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Discussion:

Z250: The use of graphite significantly reduced the variability between operators.
The evaluators commented on the ease of readability of the graphite-coated surfaces.
There was an apparent underestimation of the indentation without the use of graphite
leading to a higher Knoop hardness number. Ideally a highly polished surface should be
used to reduce the potential for measurement difficulties. The smoothest surface to is
created against a milar strip or glass. However, after sectioning or sanding, it is much
more difficult to produce a highly reflective surface. Care was taken in this study not to
produce a high polish in the concern of possibly changing the mechanical properties.

Epoxy: Graphite did not have an effect on the actual measurements because it did

not affect the Knoop hardness numbers in the highly reflective epoxy resin.
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2250
Knoop Hardness 3 evaluators
12000 mJ/cm?
1st Evaluator 2nd Evaluator 3rd Evaluator
depth Occlusal
mm) |Graphite| Non-graphite | | Graphite | Non-graphite Graphite | Non-graphite
1.1 736 81.4 70.6 86.5 76.7 95.4
2 68.2 73.6 67.1 81 69.2 107.8
3 ] 703 73.6 68.2 70.3 68.2 92.1
4 62.7 75.5 60.7 70.3 64.3 88
5 | 574 59 56.3 66.5 59.5 81
\ Summary
Graphite Non-graphite
_Avg | StDev Avg | StDev
1. 736 3.1 87.8 7.4
2 68.2 1.1 87.5 18.0
3.1 68.9 1.2 78.7 11.8 t-tests
A 62.6 1.8 77.9 9.1 treatment
5 | 577 1.6 68.8 11.2 variance
Epoxy Resin
Knoop Hardness
Graphite] Non-graphite
11.8 12
12.9 12.9
12.3 12.3
12.9 13.1
12.6 12.6
avg 12.5 12.6 t-test
st dev 0.5 0.4




2-Way ANOVA Energy or Location on DC

Tests of Between-Subjects Effects

Dependent Variable: FTIR
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Type Il Sum
Source of Squares df Mean Square F Sig.
Corrected Model 2529.8342 11 229.985 9.493 .000
Intercept 238290.422 238290.422 9835.648 .000
AXPROX 19.803 1 19.803 817 375
ENERGY 2455.989 5 491.198 20.275 .000
e 54.042 5 10.808 446 812
Error 581.453 24 24227
Total 241401.710 36
Corrected Total 3111.287 35

a. R Squared = .813 (Adjusted R Squared = .727)

Estimated Marginal Means

2. ENERGY
Dependent Variable: FTIR
95% Confidence Interval
ENERGY Mean Std. Error | Lower Bound | Upper Bound
6 65.967 2.009 61.819 70.114
12 77.883 2.009 73.736 82.031
24 81.150 2.009 77.003 85.297
36 82.617 2.009 78.469 86.764
48 90.200 2.009 86.053 94.347
60 90.333 2.009 86.186 94.481

Post Hoc Tests

ENERGY




Dependent Variable: FTIR

Multiple Comparisons
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Tukey HSD
Mean
Difference 95% Confidence interval
(I) ENERGY (J) ENERGY (1-J) Std. Error Sig. Lower Bound | Upper Bound
6 12 -11.917* 2.842 .004 -20.703 -3.130
24 -15.183* 2.842 .000 -23.970 -6.397
36 -16.650* 2.842 .000 -25.437 -7.863
48 -24.233* 2.842 .000 -33.020 -15.447
60 -24.367* 2.842 .000 -33.153 -15.580
12 6 11.917* 2.842 .004 3.130 20.703
24 -3.267 2.842 .856 -12.053 5.520
36 -4.733 2.842 .566 -13.520 4.053
48 -12.317* 2.842 .003 -21.103 -3.530
60 -12.450* 2.842 .002 -21.237 -3.663
24 6 15.183* 2.842 .000 6.397 23.970
12 3.267 2.842 .856 -5.520 12.053
36 -1.467 2.842 .995 -10.253 7.320
48 -9.050* 2.842 .041 -17.837 -.263
60 -9.183* 2.842 .037 -17.970 -.397
36 6 16.650* 2.842 .000 7.863 25.437
12 4.733 2.842 .566 -4.053 13.520
24 1.467 2.842 .995 -7.320 10.253
48 -7.583 2.842 .19 -16.370 1.203
60 -7.717 2.842 .109 -16.503 1.070
48 6 24233 2.842 .000 15.447 33.020
12 12.317* 2.842 .003 3.530 21.103
24 9.050* 2.842 .041 .263 17.837
36 7.583 2.842 119 -1.203 16.370
60 -.133 2.842 1.000 -8.920 8.653
60 6 24.367* 2.842 .000 15.580 33.153
12 12.450* 2.842 .002 3.663 21.237
24 9.183* 2.842 .037 .397 17.970
36 7.717 2.842 .109 -1.070 16.503
48 .133 2.842 1.000 -8.653 8.920 |

Based on observed means.
*. The mean difference is significant at the .05 level.

Homogeneous Subsets
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FTIR
Tukey HSD?®?
Subset

ENERGY N 1 2 3
6 6 65.967
12 6 77.883
24 6 81.150
36 6 82.617 82.617
48 6 90.200
60 6 90.333
Sig. 1.000 566 109

Means for groups in homogeneous subsets are displayed.

Based on Type Il Sum of Squares
The error term is Mean Square(Error) = 24.227.

a. Uses Harmonic Mean Sample Size = 6.000.
b. Alpha = .05.



2-Way ANOVA Energy or Location on KHN

Tests of Between-Subjects Effects

Dependent Variable: KNOOP
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Type lit Sum
Source of Squares df Mean Square F Sig..
Corrected Model 7023.334° 11 638.485 8.560 .000
Intercept 185890.323 1 185890.323 2492.310 .000
AXPROX 113.423 1 113.423 1.521 .229
ENERGY 6751.429 5 1350.286 18.104 | .000
ARy 158.482 5 31.696 425 827
Error 1790.053 24 74.586
Total 194703.710 36
Corrected Total 8813.388 35

a. R Squared = .797 (Adjusted R Squared = .704)

Estimated Marginal Means

' 2. ENERGY
Dependent Variable: KNOOP
95% Confidence Interval
ENERGY Mean Std. Error | Lower Bound Upper Bound
6 46.367 3.526 39.090 53.643
12 65.300 3.526 58.023 72.577
24 71.483 3.526 64.207 78.760
36 77.317 3.526 70.040 84.593
48 80.933 3.526 73.657 88.210
60 89.750 3.526 82.473 97.027

Post Hoc Tests

ENERGY




Dependent Variable: KNOOP

Multiple Comparisons
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Tukey HSD
Mean
Difference 95% Confidence Interval
(1) ENERGY (J) ENERGY (I-J) Std. Error Sig. Lower Bound | Upper Bound
6 12 -18.933* 4.986 .010 -34.350 -3.516
24 -25.117* 4.986 .000 -40.534 -9.700
36 -30.950* 4.986 .000 -46.367 -15.533
48 -34.567* 4.986 .000 -49.984 -19.150
60 -43.383* 4.986 .000 -58.800 -27.966
12 6 18.933* 4.986 .010 3.516 34.350
24 -6.183 4.986 .813 -21.600 9.234
36 -12.017 4.986 192 -27.434 3.400
48 -15.633* 4.986 .046 -31.050 -.216
60 -24.450* 4.986 .001 -39.867 -9.033
24 6 25.117* 4.986 .000 9.700 40.534
12 6.183 4.986 .813 -9.234 21.600
36 -5.833 4.986 .846 -21.250 9.584
48 -9.450 4.986 429 -24.867 5.967
60 -18.267* 4.986 .014 -33.684 -2.850
36 6 30.950* 4.986 .000 15.533 46.367
12 12.017 4.986 192 -3.400 27.434
24 5.833 4.986 .846 -9.584 21.250
48 -3.617 4.986 977 -19.034 11.800
60 -12.433 4.986 .166 -27.850 2.984
48 6 34.567* 4.986 .000 19.150 49.984
12 15.633* 4.986 .046 216 31.050
24 9.450 4.986 429 -5.967 24.867
36 3.617 4.986 977 -11.800 19.034
60 -8.817 4.986 .503 -24.234 6.600
60 6 43.383* 4.986 .000 27.966 58.800
12 24 .450* 4.986 .001 9.033 39.867
24 18.267* 4.986 .014 2.850 33.684
36 12.433 4.986 .166 -2.984 27.850
48 8.817 4.986 .503 -6.600 24.234

Based on observed means.
*. The mean difference is significant at the .05 level.

Homogeneous Subsets
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KNOOP
Tukey HSD®®
Subset
ENERGY 1 2 3 4
6 6 46.367
12 6 65.300
24 6 71.483 71.483
36 6 77.317 77.317 77.317
48 6 80.933 80.933
60 6 89.750
Sig. 1.000 192 429 166

Means for groups in homogeneous subsets are displayed.
Based on Type lll Sum of Squares
The error term is Mean Square(Error) = 74.586.

a. Uses Harmonic Mean Sample Size = 6.000.

b. Alpha = .05.
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1-Way ANOVA; Energy vs KHN and Energy vs DC

Between-Subjects Factors

N
ENERGY 12 3
24 3
4 3
6 3
8 3
con 3
Descriptive Statistics
Dependent Variable; KHN
ENERGY Mean Std. Deviation N
12 39.333 321 3
24 52.900 .300 3
4 2.067 3.580 3
6 16.400 781 3
8 28.467 4.536 3
con 70.167 1.242 3
Total 34.889 23.287 18
Tests of Between-Subjects Effects
Dependent Variable: KHN
Type It Sum
Source of Squares df Mean Square F Sig.
Corrected Model! 9147.1712 5 1829.434 307.181 .000
Intercept 21910.222 1 21910.222 3678.955 .000
ENERGY 9147171 5 1829.434 307.181 .000
Error 71.467 12 5.956
Total 31128.860 18
Corrected Total 9218.638 17

a. R Squared = .992 (Adjusted R Squared = .989)

Post Hoc Tests

ENERGY



Dependent Variable: KHN

Multiple Comparisons

113

Tukey HSD
Mean
Difference 95% Confidence Interval
(1) ENERGY (J) ENERGY {I-J) Std. Error Sig. Lower Bound Upper Bound
12 24 -13.567* 1.993 .000 -20.260 -6.874
4 37.267* 1.993 .000 30.574 43.960
6 22.933* 1.993 .000 16.240 © 29.626
8 10.867* 1.993 .002 4174 17.560
con -30.833* 1.993 .000 -37.526 -24.140
24 12 13.567* 1.993 .000 6.874 20.260
4 50.833* 1.993 .000 44,140 57.526
6 36.500* 1.993 .000 29.807 43.193
8 24.433* 1.993 .000 17.740 31.126
con -17.267* 1.993 .000 -23.960 -10.574
4 12 -37.267* 1.993 .000 -43.960 -30.574
24 -50.833* 1.993 .000 -57.526 -44.140
6 -14.333* 1.993 .000 -21.026 -7.640
8 -26.400* 1.993 .000 -33.093 -19.707
con -68.100* 1.993 .000 -74.793 -61.407
6 12 -22.933* 1.993 .000 -29.626 -16.240
24 -36.500* 1.993 .000 -43.193 -29.807
4 14.333* 1.993 ".000 7.640 21.026
8 -12.067* 1.993 .001 -18.760 -5.374
con -53.767* 1.993 .000 -60.460 -47.074
8 12 -10.867* 1.993 .002 -17.560 -4.174
24 -24.433* 1.993 .000 -31.126 -17.740
4 26.400* 1.993 .000 19.707 33.093
6 12.067* 1.993 .001 5.374 18.760
con -41.700* 1.993 .000 -48.393 -35.007
con 12 30.833* 1.993 .000 24.140 37.526
24 17.267* 1.993 .000 10.574 23.960
4 68.100* 1.993 .000 61.407 74.793
6 53.767* 1.993 .000 47.074 60.460
8 41.700* 1.993 .000 35.007 48.393

Based on observed means.
*. The mean difference is significant at the .05 level.

Homogeneous Subsets




KHN
Tukey HSD?®?
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Subset

ENERGY N 1 2 3 4

4 2.067
6

8
12
24
con
Sig. 1.000 1.000 1.000 1.000

16.400
28.467
39.333

W wwwww

52.900

1.000

Means for groups in homogeneous subsets are displayed.
Based on Type [lIl Sum of Squares
The error term is Mean Square(Error) = 5.956.

a. Uses Harmonic Mean Sample Size = 3.000.
b. Alpha = .05.

Univariate Analysis of Variance

Between-Subjects Factors

N
ENERGY 12 3
24 3
4 3
6 3
8 3
con 3
Descriptive Statistics
Dependent Variable: DC
ENERGY Mean Std. Deviation N
12 39.367 2272 3
24 46.533 .907 3
4 14.267 5.085 3
6 26.167 4.406 3
8 33.367 .153 3
con 56.433 1.626 3
Total 36.022 14.256 18

70.167




Tests of Between-Subjects Effects

Dependent Variable: DC
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Type il Sum
Source of Squares df Mean Square F Sig.
Corrected Model 3347.311@8 5 669.462 74.495 .000
Intercept 23356.809 1 23356.809 2599.051 .000
ENERGY 3347.311 5 669.462 74.495 .000
Error 107.840 12 8.987
Total 26811.960 18
Corrected Total 3455.151 17

a. R Squared = .969 (Adjusted R Squared = .956)

Post Hoc Tests

ENERGY




Dependent Variable: DC

Multiple Comparisons
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Tukey HSD
Mean
Difference 95% Confidence Interval
() ENERGY (J) ENERGY (I-d) Std. Error Sig. Lower Bound | Upper Bound
12 24 -7.167 2.448 .102 -15.388 1.055
4 25.100* 2.448 .000 16.878 33.322
6 13.200* 2.448 .002 4.978 21422
8 6.000 2.448 213 -2.222 14.222
con -17.067* 2.448 .000 -25.288 -8.845
24 12 7.167 2.448 102 -1.055 15.388
4 32.267* 2.448 .000 24.045 40.488
6 20.367* 2.448 .000 12.145 28.588
8 13.167* 2.448 .002 4.945 21.388
con -9.900* 2.448 .016 -18.122 -1.678
4 12 -25.100* 2.448 .000 -33.322 -16.878
24 -32.267* 2.448 .000 -40.488 -24.045
6 -11.900* 2.448 .004 -20.122 -3.678
8 -19.100* 2.448 .000 -27.322 -10.878
con -42.167* 2.448 .000 -50.388 -33.945
6 12 -13.200* 2.448 .002 -21.422 -4.978
24 -20.367* 2.448 .000 -28.588 -12.145
4 11.900* 2.448 .004 3.678 20.122
8 -7.200 2.448 .100 -15.422 1.022
con -30.267* 2.448 .000 -38.488 -22.045
8 12 -6.000 2.448 213 -14.222 2222
24 -13.167* 2.448 .002 -21.388 -4.945
4 19.100* 2.448 .000 10.878 27.322
6 7.200 2.448 .100 -1.022 15.422
con -23.067* 2.448 .000 -31.288 -14.845
con 12 17.067* 2.448 .000 8.845 25.288
24 9.900* 2.448 .016 1.678 18.122
4 42.167* 2.448 .000 33.945 50.388
6 30.267* 2.448 .000 22.045 38.488
8 23.067* 2.448 .000 14.845 31.288

Based on observed means.
*. The mean difference is significant at the .05 level.

Homogeneous Subsets




Tukey HSD?P

DC
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ENERGY

Subset

3

4
6

8
12
24
con

Sig.

W wWwwwww

14.267

1.000

26.167
33.367

.100

33.367
39.367

213

39.367
46.533

.102

56.433
1.000

Means for groups in homogeneous subsets are displayed.

Based on Type Hll Sum of Squares
The error term is Mean Square(Error) = 8.987.

a. Uses Harmonic Mean Sample Size = 3.000.

b. Alpha = .05.
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PART TWO
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